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PREFACE 

Tms  book  is  intended  for  Engineers  and  advanced  students  :  it  treats 
of  the  principles  relating  to  the  application  of  electric  power  to  tramways 
and  railways.  Representative  examples  of  modem  tramway  and  railway 
practice  are  included,  but  detailed  accounts  of  electrifications  have  been 
omitted,  as  the  latter  are  treated  fully  in  the  technical  press.  The  biblio- 
graphy in  Appendix  III.  indicates  where  information  relating  to  the 
principal  electrifications  can  be  obtained. 

Grenerating  stations  and  transmission  lines  have  not  been  considered, 
as  these  could  not  have  been  adequately  dealt  with  in  the  present  volume. 
Moreover,  the  generation  of  electrical  energy  is  now  a  specialised  subject 
and  involves  considerations  which  have  little  bearing  on  the  utilisation 
of  the  energy  for  traction  purposes. 

The  subject  matter  has  been  arranged  as  follows  : — Mechanics  of  train 
movement ;  motors ;  control ;  auxiliary  apparatus ;  rolling  stock  ;  de- 
tailed study  of  train  movement ;  track  and  overhead  construction  ; 
distributing  systems  and  sub-stations.  A  number  of  worked  examples 
have  been  included  in  the  text,  and  a  collection  of  67  examples,  taken 
principally  from  public  examination  papers  and  covering  the  whole  scope 
of  the  subject,  is  given  at  the  end  of  the  volume. 

The  diagrams  in  the  chapters  on  "  control  '*  have  been  made  as  clear 
as  possible :  the  tracing  of  control  circuits,  however,  requires  practice, 
and  this  is  best  acquired  by  the  study  of  simplified  diagrams  such  as  are 
given  at  appropriate  places  in  the  text. 

The  author  is  under  considerable  obligation  to  many  engineers  and 
manufacturers  who  have  generously  supplied  him  with  data,  drawings, 
photographs,  etc.  Among  the  former  are  :^Mr.  John  A.  F.  Aspinall, 
General  Manager,  Lancashire  and  Yorkshire  Railway  ;  Mr.  W.  A.  Agnew, 
Chief  Mechanical  Engineer,  London  Underground  Railways ;  Mr.  Philip 
Dawson,  Consulting  Engineer  to  the  London,  Brighton,  and  South  Coast 
Railway  ;  Mr.  A.  L.  C.  Fell,  Chief  Officer,  London  County  Council  Tram- 
ways ;  Mr.  Herbert  Jones,  Chief  Electrical  Engineer,  London  and  South- 
western Railway ;  Mr.  William  S.  Murray,  Consulting  Engineer  to  the 
New  York,  New  Haven,  and  Hartford  Railroad ;    Mr.  C.  W.  Mallins, 
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General  Manager,  Liverpool  Corporation  Tramways  ;  Mr.  A.  P.  Trotter^ 
Electrical  Adviser  to  the  Board  of  Trade.  To  all  these  gentlemen  the 
author  tenders  his  heartiest  thanks. 

The  firms  to  whom  the  author  is  indebted  are  numerous.  Acknow- 
ledgments are  made  throughout  the  text,  and  the  author  desires  especially 
to  thank  :— 'Messrs.  Hadfields,  Ltd.  ;  The  British  Thomson-Houston  Co. 
(and  Mr.  R.  H.  Simpson) ;  The  British  Westinghouse  Co. ;  Messrs.  Dick, 
Kerr  &  Co.  ;  Siemens  Bros.  Dynamo  Works  ;  Messrs.  Brown,  Boveri  & 
Co.  (and  Mr.  A.  C.  Eborall) ;  The  Brush  Electrical  Engineering  Co. ; 
The  J.  G.  Brill  Co. ;  The  British  Insulated  and  Helsby  Cables,  Ltd. ; 
Messrs.  Brecknell,  Munro,  &  Rogers  ;  Messrs.  Doulton  &  Co. ;  Messrs. 
Elliott  Bros.  ;  The  Leeds  Forge  Co.  ;  The  Maschinenfabrik  Oerlikon, 
Oerlikon,  Zurich  (and  Mr.  G.  Wiithrich) ;  The  Society  Italiana  Westing- 
house,  Vado  Ligure  ;  The  Westinghouse  Department  of  Publicity,  East 
Pittsburg,  Pa. ;  The  Publication  Bureau  of  the  General  Electric  Co., 
Schenectady,  N.Y. 

Li  many  cases  data  and  particulars  of  electrifications  have  been 
drawn  from  the  technical  press,  acknowledgments  of  which  have 
generally  been  made  in  the  text.  The  chief  sources  of  such  information 
have  been : — The  Tramway  and  Badltvay  World,  The  Electrician^  The 
Electrical  Review,  The  Engineer^  Engineering,  The  Electric  Railvxiy  Joumaly 
The  Electric  Journal,  The  General  Electric  Review,  U^dairage  tllectrique, 
the  publications  of  the  Engineering  Standards  Committee,  and  the  Pro- 
ceedinge  (and  Transactions)  of  the  following  Institutions  : — ^The  Institution 
of  Electrical  Engineers,  The  American  Institute  of  Electrical  Engineers, 
The  Institution  of  Civil  Engineers,  The  Institution  of  Mechanical 
Engineers.    To  these  the  author  desires  to  express  his  indebtedness. 

To  Mr.  A.  M.  Willcox  (Editor  of  the  Tramway  and  Railway  World) 
the  author  is  especially  indebted  for  the  use  of  a  number  of  large  half-tone 
blocks  illustrating  overhead  construction,  locomotives,  and  sub-stations. 

To  the  Senate  of  the  University  of  London,  the  Examinations'  Board 
of  the  City  and  Guilds  of  London  Institute,  and  the  Council  of  the  Institu- 
tion of  Electrical  Engineers,  the  thanks  of  the  author  are  due  for  permission 
to  use  questions  from  their  examination  papers. 

The  author  wishes  to  take  this  opportunity  of  expressing  his  apprecia- 
tion of  the  valuable  assistance — ^in  the  form  of  suggestions,  criticisms, 
MS.-  and  proof-reading — given  him,  during  the  preparation  of  the  work, 
by  his  colleagues  Dr.  A.  W.  Ashton,  M.I.E.E. ;  Messrs.  J.  Beaumont 
Shaw,  A.R.C.S.  ;  and  William  Thomson,  M.A. 

A.  T.  D. 

LONDOK,  1917. 
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ELECTRIC  TRACTION 


CHAPTER  I 

INTRODUCTION 

Thk  considerations  involved  in  the  application  of  electric  power  to  the 
working  of  tramways  and  railways  may  be  divided  into  two  classes— 
(1)  technical,  (2)  financial.  In  the  preseni)  volume  we  shaU  confine  our 
attention  to  the  former. 

The  technical  considerations  involve  the  supply  of  electric  power 
from  a  generating  station  to  a  number  of  cars  or  trains  which  have  to 
operate,  over  a  given  track,  to  a  given  schedule. 

With  tramways,  the  system  of  operation  and  the  operating 
voltage  are  prescribed  by  the  Regulations  of  the  Board  of  Trade  (see 
Appendix  I),  but  with  railways  a  choice  of  systems  and  voltages  (subject 
to  the  approval  of  the  Board  of  Trade)  is  possible.  Thus  tramcars  must 
be  supplied  with  continuous  current  at  a  voltage  not  exceeding  560 
volts.  On  the  other  hand,  railway  trains  may  be  supplied  with  either 
continuous  or  alternating  current,  at  low  or  high  voltage. 

The  methods  of  supplying  power  to  cars  operating  on  tramways 

are  as  follows  : 

(1)  The  Overhead  system.  An  overhead  conductor,  fed  from  the 
generating  station  at  suitable  points,  is  suspended  above  the  track, 
and  current  is  conveyed  from  this  conductor  to  the  car  equipment  by 
means  of  a  suitable  current  collector — ^in  the  form  of  a  trolley  wheel  or 
a  sliding  bow — carried  on  the  car.  The  track  rails  are  utilised  as  the 
return  conductor,  and  are  connected  to  the  generating  station  at  suitable 
points. 

In*some  very  special  cases,  however,  the  return  conductor  is  placed 
overhead,*  and  two  current  collectors  are  required. 

(2)  The  Conduit  system.  Two  conductors  of  opposite  polarity, 
fed  from  the  generating  station  at  suitable  points,  are  supported  in  a 
slotted  conduit — ^located  either  in  the  centre  or  at  the  side  of  the  track — 
and  the  current  is  conveyed  from  these  conductors  to  the  car  equipment 
by  means  of  a  current  collector,  which  is. carried  on  the  car  and  passes 
through  the  slot  in  the  conduit.  Generally,  both  conductors  are  sup- 
ported from  insulators,  and  the  track  rails  do  not  form  part  of  the 

*  The  only  example,  in  this  country,  of  an  insulated  return  for  overhead 
tramways  occurs  on  a  section  of  the  London  County  Council  tramways  in  the 
neighbourhood  of  Greenwich  Observatory. 
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conducting  system.     The  iX)ndiictoi8  in  the  conduit  consist  of  T-rails 
arranged  thus,  H  H . 

(3)  The  Surface-contact  system.  An  insulated  cable,  supplied 
with  power  from  the  generating  station,  is  placed  underground  adjacent 
to  the  track,  and  is  connected  at  frequent  intervals  to  insulated  contact 
studs,  which  are  located  in  the  centre  of  the  track,  and  project  slightly 
above  the  road  surface.  The  upper  portio^i  of  each  stud  is  connected 
to  the  cable  through  an  automatic  switch,  which  is  arranged  so  that 
it  is  only  closed  when  a  car  is  over  the  stud.  The  current  is  conveyed 
from  the  studs  to  the  car  equipment  by  means  of  a  skate  collector  carried 
under  the  car  just  above  the  road  surface,  the  length  of  the  skate  being 
slightly  greater  than  the  distance  between  consecutive  studs.  The  track 
rails  are  utilised  as  the  return  conductor. 

Of  these  systems,  the  conduit  system  is  the  most  expensive :  *  con- 
sequently, it  can  only  be  adopted  in  large  cities  or  in  other  cases  where 
the  overhead  and  surface-contact  S3n9tems  are  unsuitable. 

Examples  of  the  conduit  system  are  to  be  found  in  London,  Bourne- 
mouth, Paris,  New  York,  Washington,  and  Brussels.  In  this  country 
the  conduit  lines  of  the  London  County  Council  tramways  form  the  largest 
installation  of  the  conduit  system,  and  comprise  122  miles  of  route,  of 
which  117*5  miles  are  double  track. 

The  first  cost  of  the  overhead  and  surface-contact  systems  may  be 
considered  as  approximately  equal  (see  footnote).  The  surface-contact 
S3^tem  has  an  advantage  from  the  aesthetic  standpoint,  but  its  operation 
depends  on  the  satisfactory  working  of  a  large  number  of  switches 
(which  may  exceed  500  per  mile  of  single  track).  It  is  apparent;  there- 
fore, that  this  system  would  be  wholly  unsuitable  for  an  extensive 
tramway  undertaking.  Although  numerous  schemes  for  operating  the 
switches  have  been  proposed,  only  a  very  few  have  been  commercially 
satisfactory.  At  the  present  time  there  are  only  two  examples  (compris- 
ing a  total  of  16  miles  of  route)  of  the  surface-contact  system  in  operation 
in  this  country,  and  there  is  no  tendency  towards  future  development. 
On  account  of  these  features  we  shall  not  consider  further  details  of  the 
system,  t 

The  overhead  system  has  been  adopted  on  an  extensive  scale  for 
tramways  and  railways  in  this  country  and  abroad.  At  the  present 
time  (1916)  there  are,  approximately,  2600  (route)  miles  of  tramways 
in  the  United  Kingdom  operating  on  this  system. 

During  the  last  few  years,  the  overhead  system  has  been  adapted  for 
the  supply  of  power  to  electric  omnibuses  (called  "  railless  cars "). 
This  system  of  "  railless  traction  "  possesses  advantages  over  tr^Cmways 

*  The  comparative  costs  of  the  conduit,  overhead  and  surface-contact  systems 
average  as  follows : 

For  Mile  of 
Single  Tnclc. 
Conduit  system  (including  special  work,  pipe  diversions,  &o.)      .     £17,000 
Overhead  system  (including  specieJ  work,  pipe  diversions,  &c.)    .         9,300 
Surface-contact  system  (including  special  work,  pipe  diversions,  &c.)     9,700 

It  must  be  noted,  however,  that,  in  every  system,  the  cost  of  construction  varies 
greatly,  according  to  the  nature,  of  the  obstructions  and  the  extent  of  special  work, 
t  A  description  of  one  of  the  surface-contact  systems  in  operation  in  this  country 
will  be  found  in  a  paper  by  Mr.  Stcuiley  Cleeg  on  "  The  Griffiths-Bedell  System 
from  a  Tramway  Manager's  Point  of  View."  See  Journal  of  the  Institution  of 
Electrical  Engineers,  vol.  42,  p.  473. 
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in  that  the  large  expense  of  the  installation  and  maintenance  of  the 
track  is  avoided.*  .  Consequently,  the  system  can  be  utilised  as  an  ex- 
tension of  an  existing  tramway  S3^tem  to  outlying  villages  which  require 
only  an  infrequent  service  of  cars.  The  railless  system  is  also  suitable  foi 
towns  having  narrow  streets,  and  in  these  cases  it  has  obvious  advantages 
over  tramways,  since  railless  cars  can  thread  through  the  traffic.  On 
the  other  hand,  railless  cars  are  necessarily  smaller  and  lighter  than  the 
majority  of  tramcars,  while  the  amount  of  power  required  by  a  railless 
car  is  greater  than  that  which  would  be  required  by  a  tramcar.of  equal 
weight,  on  account  of  the  increased  resistance  to  motion. 

The  overhead  equipment  for  railless  cars  must,  obviously,  comprise 
two  conductors  of  opposite  polarity,  and  the  current  collector  must 
allow  the  cars  to  be  piloted  through  the  traffic. 

The  railless  system  of  electric  traction  has  been  adopted  in  con- 
junction with  several  tramway  systems  m  this  country  and  the  Conti- 
nent. Examples  will  be  found  in  Leeds,  Bradford,  Stockport,  Aberdare, 
Dundee. 

The  methods  of  supplying  power  to  railway  trains  comprise  (1) 

the  overhead  S3n9tem,  (2)  the  conductor  rail  system. 

Th^  overhead  system  must,  obviously,  be  adopted  when  the  trains 
are  supplied  at  lugh  voltage.  Under  these  conditions  heavy  trains  may 
be  supplied  through  conductors  of  relatively  small  cross-section,  and 
the  collection  of  the  current  required  by  a  heavy  train  can  be  performed 
satisfactorily  by  a  collector  oi  the  sliding  bow  type.  Overhead  con- 
struction is  universal  for  all  alternating-current  railways,  and  it  is  also 
adopted  for  continuous-current  railways  operating  at  voltages  above 
1500  volts.  In  all  these  cases  the  track  rails  are  utilised  as  the  return 
conductor,  so  that  with  continuous-current  and  single-phase  systems  only 
one  overhead  wire  is  required  for  each  tr€U)k.  . 

The  conductor  rail  system  is  adopted  for  heavy  electric  traction 
systems  operating  at  voltages  up  to  about  1200  volts,  since,  in  these 
cases,  large  currents  may  be  reqmred  by  the  trains.  The  power  is 
supplied  to  the  trains  tlurough  hi^h  conductivity  steel  rails,  which  are 
supported  on  insulators  paraUel  with  the  track  rails  and  fed  at  suitable 
points  from  the  generating  station  or  from  sub-stations.  The  current 
is  conveyed  from  the  conductor  rails  to  the  train  equipment  by  means 
of  collector  shoes.  In  some  cases  the  track  rails  are  used  as  the  return 
conductor,  so  that  only  one  conductor  rail  is  required. 

Railway  electrification  in  this  country  has  been  confined  to  the 
urban  and  suburban  lines  in  the  vicinity  of  our  large  cities  (e,g.  London, 
Liverpool,  Newcastle,  Manchester).  In  the  United  States  of  America 
and  on  the  Continent  electrification  has  been  carried  to  trunk  lines  and 
also  to  freight  lines  operating  in  mountainous  districts. 

The  chief  difficulties  in  the  way  of  electrification  of  our  trunk  lines 
are  :  first,  the  existence  of  the  modem  steam  locomotive  ;  and,  second, 
Uie  large  cost  of  converting  the  lines  from  steam  to  electric  operation. 
The  modem  steam  locomotive  in  service  on  our  trunk  lines  is  capable  of 
fulfilling  all  the  requirements  of  the  traffic  department  for  fast  passenger 

*  The  ooBb  of  laying  double  track  for  tramways  is,  approximately,  £12,000  pei 
mile  of  route ;  and  the  cost  of  the  overhead  equipment,  including  the  feeders  and 
doote,  is,  approximately,  £3700  per  mile  of  route. 
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traffic.  An  electric  locomotive  capable  of  performing  similar  services 
could  be  built,  but  this  locomotive  would  have  to  show  marked  econo- 
mies in  power  consumption  and  operating  expenses  in  order  to  warrant 
the  large  cost  of  the  change-over.  The  case  is  entirely  different  with 
suburban  railways.  On  these  railways,  large  numbers  of  passengers  have 
to  be  transported  daily  over  relatively  short  distances  in  competition,  in 
many  cases,  with  other  methods  of  transportation.  For  the  railway  to 
retam  its  traffic  and  create  additional  traffic,  the  passengers  must  be 
transported  over  a  given  distance  in  a  much  shorter  time  than  that 
required  by  its  competitors. 

Now,  the  frequent  starting  and  stopping  of  steam  trains  at  stations 
spaced  a  short  distance  apart  does  not  lead  to  economical  operation,* 
and,  moreover,  it  is  impossible  to  obtain  high  schedule  speeds  unless 
exceptionally  heavy  locomotives  are  adopted.  On  the  other  hand,  an 
electric  train  is  capable  of  handling  such  a  service  economically  at  a 
fairly  high  schedule  speed.  The  schedule  speed  with  electric  operation 
may  be  from  50  to  100  per  cent,  higher  than  that  corresponding  to 
steam  operation ;  this  increase  being  due  to  the  higher  acceleration  of  the 
electric  train.  Since  the  electric  train  is  capable  of  running  the  service 
at  a  higher  schedule  speed,  it  follows  that  the  train  miles  which  can  be 
run  with  a  given  equipment  in  a  given  time  are  greater  with  electric 
service  than  with  steam  service.  A  given  number  of  electric  trains  is 
therefore  capable  of  dealing  with  a  greater  volume  of  traffic  than  the 
same  number  of  steam  trains  with  equal  seating  accommodation.  The 
electric  train  has  the  additional  advantage  that  it  may  be  divided  and 
run  in  sections  during  the  periods  of  light  traffic,  thereby  enabling  a 
frequent  service  of  trains  to  be  maintained,  leading  to  increased  traffic 
during  these  periods. 

Electric  traction  also  forms  a  solution  to  the  problem  of  relieving 
congestion  at  terminal  stations.  Thus  the  number  of  trains  which  can 
be  got  into  and  out  of  a  terminus  in  a  given  time  depends  on  the  number 
of  signal  and  train  movements  required.  With  electric  trains  consisting 
of  motor-coaches,  the  number  of  signal  and  train  movements  required 
for  a  train  entering  and  leaving  a  terminus  is  only  one-fourth  of  the 
number  required  for  a  steam  train.  Now  the  number  of  trains  which 
can  be  run  over  the  tracks  in  a  given  time  is  limited  by  the  terminal 
facilities.  It  is  obviously  more  desirable  to  increase  these  facilities  by 
adopting  electric  traction  than  by  the  alternative  of  carrying  out  the 
widening  of  the  tracks  and  the  extensions  and  additions  to  the  station 
platforms,  since  the  electric  train  service  will,  in  most  cases,  lead  to 
additional  traffic,  the  revenue  from  which  will  go  towards  meeting  the 
cost  of  electrification. 

Electric  traction  also  possesses  advantages  over  steam  traction  for 
the  handling  of  freight  traffic,  particularly  on  railways  having  heavy 
gradients  and  long  tunnels.  In  deciding  upon  the  system  of  electrifica- 
tion to  be  adopted  for  a  railway  wit^  heavy  gradients,  consideration 
would  naturally  be  given  to  those  systems  in  which  electric  regenerative 
braking  could  be  used.  The  trains  descending  the  gradients  would  be 
braked  electrically,  so  that,  instead  of  the  kinetic  energy  of  the  train 
being  dissipated  in  the  brake  shoes  and  wheel  tyres,  it  would  be  con- 

*  In  this  connection  see  Mr.  J.  A.  F.  Aspinall's  Presidential  Address  to  the 
Iiidtitution  of  Mechanical  Engineers,  Proceedings  of  the  Institution  of  MechaniccU 
Engineers  (1909),  pp.  423-488. 
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yerted  into  electrical  energy  and  returned  to  the  supply  system.  Thiis, 
in  addition  to  the  saving  in  the  power  consumption,  the  maintenance 
of  the  brake  shoes,  wheel  tyres,  and  track  rails  would  be  reduced. 
The  reduction  in  the  latter  items  alone  may  be  sufficient  to  cover  a 
fair  percentage  of  the  costs  of  electrification. 

The  systeins  available  for  the  electrification  of  railways  are— 

(1)  the  continuous-current  system,  (2)  the  single-phase  alternating-current 
S3n9tem,  and  (3)  the  three-phase  alternating-current  system. 

Each  of  these  systems  possesses  characteristic  features.  Thus,  the 
three-phase  B3n9tem  may  be  called  a  constant-speed  system,  while  the  con- 
tinuous-current and  single-phase  S3^tems  may  be  called  variaMe-apeed 
systems  (since  a  change  in  the  tractive  effort  is  accompanied  by  a  change 
in  the  speed).  The  continuous-current  system,  however,  may  also  be 
designed  to  operate  with  a  constant-speed  characteristic. 

With  reference  to  the  oj^erating  voltages  of  these  systems  : 

Continuous-current  equipments  must  be  built  for  operation  at  the 
line  voltage,  but  alternating-current  equipments  can  be  supplied  through 
a  transformer  (carried  on  the  train)  at  any  voltage  desired.  The  alter- 
nating-current systems,  therefore,  allow  the  use  of  a  high-voltage  line. 
On  account  of  the  duplication  of  the  overhead  conductors  for  the  three- 
phase  system,  the  line  voltage  cannot  be  raised  to  the  same  limits  as 
in  the  single-phase  system. 

Continuous-current  railways  may  be  classed  as  low  voltage,  or  high 
voltage.  In  the  former  case,  the  operating  voltage  does  not  exceed 
750  volts»  while  in  the  latter  case  the  operating  voltage  exceeds  760 
volts,  and  may  re€U)h  5000  volts.*  At  the  present  time  there  are  hi^h- 
volta^  continuous-current  railways  in  operation  on  which  operatmg 
volta^s  of  1200,  1500,  2400,  and  3000  volts  are  adopted. 

The  operating  voltage  of  single-phase  railways  is,  generally,  between 
6000  and  16,000  volts.    The  frequency  is  either  16,  16},  or  26  cycles. 

•  The  operating  voltage  of  three-phase  railwa3rs  is  generally  between 
3000  and  6000  volts.  The  frequency  is  usually  either  15  or  16|  cycles, 
although,  in  some  c€U9es,  a  frequency  of  25  cycles  has  been  adopted. 

On  accoimt  of  certain  features  of  single-phase  motors  (which  are 

discussed  later),  composite  altematin|f-ciirrent  continnons-current 

S stems  are  now  being  developed,  in  which  the  advantages  of  the  single- 
ase  transmission  system  and  overhead  construction  are  combined 
with  the  advantages  of  continuous-current  and  polyphase  motors.  Thus 
the  high-tension  single-phase  supply  current  may  be  converted  into 
three-phase  current  by  means  of  a  phase  converter,!  or  it  may  be  rectified 
by  means  of  a  mercury-vapour  rectifier.  In  the  former  case  the  driving 
motors  are  of  the  polyphase  induction  type,  and  regenerative  braking  is 
practicable ;  while  in  the  latter  case  the  driving  motors  are  of  the  con- 
tinuous-current type,  and  regenerative  braking  is  not  practicable  (since 
the  mercury-vapour  rectifier  is  not  reversible).  The  mercury-vapour 
rectifier  is  now  being  developed  in  large  sizes,  and  although  experimental 
work  is  still  in  progress,  the  successful  application  of  large  rectifiers  (of 
1000  kw.  or  more  in  a  single  unit)  is  expected  to  be  an  accomplished 
fact  in  the  near  future. 

*  Motors  and  control  equipments  for  operating  at  6000  volte  have  recently 
been  developed  (by  the  Westinghouse  Co.)  and  put  into  service  on  the  Miohigan 
United  Traction  Co.'s  Unes.    See  Klectric  Journal^  vol.  13,  p.  445. 

t  This  system  has  been  designated  "  the  split-phase  system." 
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The  application  of  rectified  current  to  continuous-current  motors, 
however,  may  necessitate  slight  modifications'  in  the  present  construc- 
tion of  the  motors. 

In  Table  I  are  given  data  of  a  number  of  electric  railways  in  this 
country  and  abroad.  The  extent  of  the  practical  application  of  the  above 
systems  pf  electrification  can  be  seen  from  this  table. 

The  generation  of  electrical  energy  and  its  distribution  is  a 

business  m  itself.  In  many  cases  it  is  desiraole  for  the  Railway  Company 
to  purchase  power,  since  the  Company  is  thereby  relieved  not  only  of 
the  initial  cost  of  the  generating  station  and  the  capital  charges  thereon, 
but  also  of  the  management  of  a  business  organisation  which  is  very 
different  from  its  other  organisations.  In  the  United  States  of  America 
the  purchase  of  power  for  railway  electrification  from  the  large  electric 
power  supply  companies  is  carried  out  on  an  extensive  scale ;  *  but  in 
this  country,  owing  to  the  limited  number  of  large  power  supply  com- 
panies and  their  distance,  in  many  cases,  from  the  area  of  electnfication, 
there  are  only  two  examples  of  the  purchase  of  power  for  railway  electri- 
fication—viz. the  North-Eastem  Railway  (which  purchases  its  power 
hx>m  the  North-Eaist  Coast  power  supply  companies)  and  the  London 
Brighton,  and  South  Coast  Railway  (which  purchases  its  power  from 
the  London  Electric  Supply  Corporation,  Deptford). 

As  the  subject  of  the  generation  of  electrical  energy  is  one  of  con- 
siderable magnitude  at  the  present  day,  and  has  little  bearing  on  the 
utilisation  of  the  energy  for  traction  purposes,  we  shall  not  consider  the 
equipment  of  the  generating  station.  The  equipment  of  the  sub-stations, 
however,  is  considered  in  detail,  since,  when  power  is  purchased,  the 
sub-stations  would  generally  (although  not  necessarily)  be  under  the 
control  of  the  Railway  Company. 

Note. — The  following  papers  contain  much  information  on  railway  electri- 
fication under  Sritish  conditions : 
"  The  Electrification  of  Suburban  Railways  "  (F.  W.  Carter),  Proceedings 

of  the  Institution  of  Mechanical  Engineers  (1910),  p.  1073. 
"The  Cost  of   Electrically-propelled   Suburban  Trains"   (H.   M.   Hobart), 

ibid.,  p.  1103. 
"  The  Equipment  and  Working  Results  of  the  Mersey  Railway  under  Steam 

and  under  Electric  Traction  "  (J.  Shaw),  MirnUes  of  Proceedings  of 

the  Institution  of  Civil  Engineers^  vol.  179,  p.  19. 
"  Some  Railway  Conditions  governing  Electrification  "   (Roger  T.  Smith), 

Journal  of  the  Institution  of  Electrical  Eng^ineers,  vol.  52,  p.  293. 
"  Electrification  of  Railways  as  affected  bv  Traffic  Considerations  "  (H.  W. 

Firth),  ibid.,  p.  609. 

*  In  this  connection  see  the  following  papers  in  the  Transactions  of  the  American 
Institute  of  Electrical  Engineers  : 

**  2400-volt  (continuous-current)  Railway  Electrification  "  (H.  M.  Hobart),  vol. 
32,  p.  1149  ;  "  Trunk-line  Electrification  "  (C.  P.  Kahler),  vol.  32,  p.  1189  ;  "  Moun- 
tain Railroad  Electrification"  (A.  H.  Babcock),  vol.  32,  p.  1845;  "The  Electri- 
fication of  tihe  Butte- Anaconda  Railroad  *'  (J.  B.  Ck)x),  vol.  33,  p.  1369. 

See  also  "  The  Electrification  of  the  Puget  Sound  Lines  of  the  Chicago,  Mil- 
waukee, and  St.  Paul  Railway,"  General  Electric  Review,  vol.  18,  p.  6. 
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CHAPTER  II 

THE  MECHANICS  OP  TRAIN  MOVEMENT 

I.  Pbbuminaby  Study  op  Spbbd-timb  Cuuvks 

The  motion  of  a  train  or  any  vehicle  is  made  up  of  periods  of  accelera- 
tion, of  retardation,  and,  in  some  cases,  of  constant  speed.  Now,  ac- 
celeration and  retardation  represent  the  rate  of  change  of  speed  with 
respect  to  time :  therefore,  a  curve  which  shows  the  speed  of  the  train 
with  respect  to  time  will  also  supply  information  concerning  the  accelera- 
tion ana  retardation.  For  example,  the  acceleration  or  retardation  at 
any  instant  can  be  obtained  by  determining  the  tangent  of  the  angle  of 
inclination  of  this  curve  (at  the  given  instant)  to  the  time  axis — an  upward 
slope  (tangent  positive)  indicating  acceleration,  and  a  downward  slope 
(tangent  negative)  indicating  retardation.  The  acceleration,  or  retarda- 
tion, obtained  by  this  method  will  be  given  in  terms  of  the  units  adopted 
for  the  axes  of  speed  and  time.  If  the  former  is  represented  in  miles 
per  hour  and  the  latter  in  seconds,  the  acceleration  or  retardation  will 
DC  expressed  in  miles  per  hour  per  second  (abbreviated,  ml.p.h.p.s.).* 

Further,  the  distance  travelled  by  the  train  during  a  given  interval 
of  time  can  be  obtained  by  determining  the  area  between  the  curve  and 
the  time  axis  corresponding  to  this  interval. 

It  is  apparent,  therefore,  that  curves  of  the  above  type  (which  are 
called  "speed-time"  curves)  are  of  considerable  importance  in  con- 
nection \idth  the  movement  of  trains.  But  in  electric  traction  these 
curves  are  of  fundamerUal  importance,  since,  if  we  are  also  provided 
with  the  characteristic  curves  of  the  driving  motors,  we  can  calculate 
the  energy  consumed  by  the  train  during  the  run.  Moreover,  with  a 
knowledge  of  the  resistjEinces  to  motion,  we  are  able  to  estimate  the 
energy  required  to  operate  a  train  to  a  given  schedule,  as  soon  as  the 
speed-time  curve,  corresponding  to  this  schedule,  has  been  determined. 

It  is  necessaiy,  therefore,  to  consider  in  detail  the  various  portions 
of  the  speed-time  curve,  and  to  show  how  the  curve  corresponding  to  a 
given  schedule  may  be  obtained. 

A  speed-time  curve,  for  a  run  between  two  stations,  is  usually  made 
up  of  periods  of — (1)  acceleration  ;  (2)  constant  speed,  or  "  free  running  " 
(which  may  be  zero  for  short  distance  runs) ;  (3)  coasting,  i.e.  running 
with  power  shut  off,  the  retardation  being  due  to  the  resistances  to 
motion  ;  and  (4)  retardation  or  braking. 

*  In  this  treatise  we  sluJl  genercJly  express  acceleration  in  this  manner,  since 
speeds,  in  tramway  and  railway  calculations,  are  usually  expressed  in  miles  per  hour. 

It  is  useful  to  remember  that  an  acceleration  of  one  mile  per  hour  per  second  is 
equivalent  to  1*47  feet  per  second  per  second. 
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With  electric  trains,  equipped  with  series  motors,  the  period  of 
acceleration  is  made  up  of — (a)  an  initial  period,  during  which  the 
acceleration  is  practicaUy  constant,  followed  by  (&)  a  period  in  which 
the  acceleration  gradually  decreases  until  the  maximum  speed  is 
reached. 

The  period  of  constant  acceleration  corresponds  to  the  "  notching  '* 
or  starting  period,  during  which  the  current  input  to  the  motors  can  be 
maintained  practically  constant  (the  value,  of  course,  depending  on  the 
number  of  notches,  the  grading  of  the  rheostats,  and  the  rate  at  which 
the  rheostats  are  cut  out). 

When  full  voltage  is  applied  to  the  motors,  the  current  and  torque 
will  decrease  as  the  speed  increases.  Therefore  the  acceleration  will 
gradually  decrease  until  the  torque  is  just  sufficient  to  balance  the 
resistances  to  motion.  The  shape  of  this  portion  of  the  speed-time 
curve  will  depend  entirely  on  the  shape  of  the  speed-torque  curve  of  the 
motor,  and  will  be  affected  to  some  extent  by  variations  in  the  line 
voltage  and  in  the  resistances  to  motion. 

These  two  portions  of  the  accelerating  period  are  called  respectively 
"rheoatatic  acceleration"  or  ''acceleration  while  notching,"  and 
''  acceleration  on  the  speed  curve  "  or  ''  speed-CUrve  running." 

The  duration  of  the  free-running  and  coasting  periods  will  depend 
on  the  nature  of  the  service  (that  is,  the  distance  between  the  stops  and 
the  average  speed  between  the  stations),  and  will  be  affected  by  the 
acceleration  and  retardation,  as  discussed  below. 

The  classes  of  service  into  which  passenger  traffic  can  be  divided  are — 
(1)  urban  or  city  service,  where  the  distance  between  stops  is  of  the 
order  of  0*6  mile ;  (2)  suburban  service,  where  the  distance  between 
the  stops  may  average  from  1*5  to  2  miles  over  a  distance  of  from  15 
to  20  miles  &om  the  city  terminus ;  (3)  main-line  service,  where  the 
stops  are  infrequent. 

Typical  speed-time  cnrves  for  electric  trains  operating  on  these 
services  are  given  in  Figs.  1,  2,  3. 

In  Fig.  1,  which  corresponds  to  city  service,  it  is  necessary  to  adopt 
relatively  high  values  for  the 
acceleration  and  retardation  in 
order  to  obtain  a  moderately 
high  average  speed  between 
the  stations.  The  short  dis- 
tance between  the  stations  does 
not  permit  of  a  free-running 
period,  since  it  is  desirable  to 
include  a  short  coasting  period 
in  order  to  obtain  a  reason- 
able energy  consumption.  This 
class  of  traffic  requires  a  fre- 
quent service  of  trains. 

In  suburban  service  (Fig.  2) 
the  longer  distance  between 
the  stations  permits  of  a  free- 
running  period  and  a  longer 

coasting  period  than  is  possible  with  city  service.  In  this  case  also, 
reiativdy  high  values  for  the  acceleration  and  retardation  are  required 
in  order  to  render  the  service  as  attractive  as  possible.    Moreover,  at 
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Fio.  1. — Speed-time  Curve  for  City  Service. 
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certain  periods  in  the  day,  there  will  be  a  large  traffic  in  one  direction^ 
which  will  require  a  frequent  service  of  trains  during  these  periods. 
Main-line  service  (Fig.  3)  is  characterised  by  the  long  periods  of 
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Fio.  2. — Speed-time  Curve  for  Suburban  Service. 

free-running  at  high  speeds,  the  accelerating  period   being  relatively 
unimportant. 

It  is  apparent,  therefore,  that  the  requirements  for  urban  and  main- 
line services  are  totally  dissimilar,  hence  an  equipment  designed  for 
main-line  service  will  be  totally  unsuited  for  urban  service,  and  vice 
versa.  The  full  discussion  of  this  point,  however,  must  be  deferred 
until  later. 
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The  initial  acceleration  for  electric  trains  is  from  I'O  to  1*5  miles 
per  hour  per  second.  These  values  are  from  two  to  three  times  those 
obtained  with  the  ordinary  class  of  steam  locomotive. 
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The  limitations  to  the  acceleration  are-^l)  the  weight  of  the 
equipment;  (2)  the  peak  load  on  the  sub-stations  and  power  house; 
(3)  the  discomfort  oi  the  passengers;  while,  in  addition,  there  are 
financial  considerations,  such  as— (4)  the  cost  of  the  rolling  stock  and 
equipment ;  (6)  the  maintenance  charges  on  the  equipment  and  rolling 
stock ;  (6)  the  cost  of  energy. 

With  the  adoption  of  a  high  acceleration  it  becomes  necessary  to 
employ  a  high  retardation,  in  order  to  obtain  a  reasonable  energy  con- 
sumption, since,  for  a  given  acceleration  and  average  speed,  the  higher 
the  retardation  the  longer  will  be  the  coasting  period,*  and,  therefore, 
the  shorter  the  time  during  which  povv'er  is  supplied  to  the  motors. 
With  modem  types  of  quick-acting  brakes,  a  retaxdation  up  to  3^  miles 
per  hour  per  second  can  be  obtained.  For  urban  and  suburban  services 
at  high  schedule  speeds  the  retardation  during  braking  is  from  2*0  to 
2'5  nules  per  hour  per  second. 

Where  comparative  performances  for  a  given  service,  at  various 
schedule  speeds,  are  required  (for  example,  in  preliminary  calculations 
for  time-tables,  &;c.),  the  actual 
speed-time  curves  of  Figs.  1, 
2,  3  are  replaced  by  simpufled 

apeed-time  carves,  which  do 

not  involve  a  knowl^ge  of  the 
motor  characteristic. 

Thus,  as  far  as  the  running 
of  the  distance  between  stops 
is  concerned,  Fig.  1  can  be  re- 
placed by  Fig.  4,  in  which  the 
initial  acceleration  and  the  rate 
of  braking  are  the  same  as  in 
Fig.  1,  and  the  area  between 
the  curve  and  time-axis  is  the 
same  for  each.  The  coasting 
andspeed-curve  runningperiods 
.of  fHg.  1  are  included  in  the 

constat  speed  period  of  Fig.  4.  This  simplified  speed-time  curve  will 
have  a  lower  maximum  speed  than  the  actual  speed-time  curve  which 
it  replaces,  although  the  average  speed  will  be  the  same  in  each.  Figs. 
2  and  3  can  be  similarly  modified. 

When  the  distance  between  stops,  the  average  speed,  the  accelera- 
tion, and  the  retardation  are  known,  the  maximum  speed  can  be  calcu- 
lated, and  the  simplified  speed-time  curve  can  be  drawn. 

Let  a  =  acceleration,  m  miles  per  hour  per  second  (ml.p.h.p.s.). 

P  =  retardation,  in  the  same  units. 

V  =  average  speed,  in  miles  per  hour. 
Vni  =  maximum  speed,  in  miles  per  hour. 

D  =  distance  between  stops,  in  miles. 

T  =  running  time,  in  seconds, 

ti  =  time  of  acceleration,  in  seconds. 

<2  =  time  of  free  running,  in  seconds. 

^3  =  time  of  braking,  in  seconds. 

♦  With  a  given  distance  between  stops,  the  running  time  and  the  area  of  the 
speed-time  diagram  must  be  constant. 


Tims 


Fig.  4. — Method  of  Simplifying  Speed-time 
Curve.     Area  O ABC = area  ODEC. 
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Then 


T  *      a 


Now  the  area  of  the  speed-time  diagram  is  equal  to  the  distance 
between  the  stops.    Hence 

=3eoo{  ~  ■'  ^"'^ + ^"^"^  ^"'"i  ■ 


Substituting  for  <j  and  t,,  we  have 


D 


Li -LI 


¥V„T 


Vn?\ 


or 


whence 


36001      2a  ^'"*"       2p) 


7200 


m 


a+i) 


3600 


h2)=0, 


Now 


1     1    7200/ F^r    j.\ 


(1) 


and 


3600 
D 


Hence 


whence 


W- 

a     P 


3600"  v' 

7200D/  V, 
VJ\v 


m 


m 


^) 


l_7200D/P^_,\_l 
a-   F  *   V  V      V    ^ 


(2) 


We  shall  now  apply  these  equations  to  the  calculation  of  speed-time 
curves  to  show  the  effect,  on  the  schedule  speed,  of  the  acceleration, 
the  distance  between  stops,  the  duration  of  stop,  and  the  maximum 
speed. 

„  ,     ,  ,  J  .    J  />     J  distance  between  stops 

Scneaule  speed  is  denned  as :    r-. — t .    .  ,  .  /^., 

'^  time  from  start  to  start 


while  average  speed  means : 


distance  between  stops 
time  from  start  to  stop  ' 


The  effect  of  the  duration  of  the  stop  on  the  schedule  speed,  for  a 
given  average  speed,  is  shown  in  Table  II,  which  emphasises  the  import- 
ance of  short  stops  for  urban  service.  For  this  class  of  service  a  stop 
of  15  to  20  seconds'  duration  is  generally  sufficient.  The  effect  of 
increasing  the  stop  (in  Table  II)  from  10  to  20  seconds  reduces  the  schedule 
speed  by  10  per  cent. ;  and  if  the  stop  is  increased  to  40  seconds,  the 
schedule  speed  will  be  16-4  per  cent,  less  than  that  with  a  stop  of  20 
seconds.    With  longer  distances  between  stations,  the  duration  of  the 
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stop  can  be  increased  without  affecting  the  schedule  speed  to  any  great 
extent.  Thus,  comparing  the  2  mile  and  5  mile  runs,  the  effect  of 
increasing  the  duration  of  stop  from  20  to  40  seconds  reduces  the  schedule 
speeds  by  5-4  per  cent,  and  2-4  per  cent,  respectively. 


TABLE  II 

Schedule  Speeds  corresponding  to  an  Average  Speed  op  22 
mIj.f.h.  for  Various  Distances  between  Stops  and  Duration 
OF  Stop. 


1 

Distance  between  stops : 

i 

0'5  mile 

I'O  mile    ,     2  miles 

1 

5  miles 

Do  ration  of  Stop. 

Schedule  Speed. 

seconds. 

ml.p.h. 

ml.p.h. 

ml.p.h. 

ml.p.h. 

10 

19-6 

20-8 

21-3 

21-7 

20 

17-7 

19-6 

20-7 

21-4 

30 

161 

.18-6 

201 

21-2 

40 

14-8 

17-7 

19-6 

20-9 

50 

13-7 

16-9 

191 

20-7 

60 

12-7 

161 

18-6 

20-5 

Table  III  gives  the  TnlniTnilTn  acceleration  required  to  maintain 
various  schedule  speeds  under  various  conditions.  The  rate  of  braking 
has  been  taken  at  2-0  ml.p.h.p.s.  in  all  cases,  and  the  maximum  speed 
from  20  per  cent,  to  40  per  cent,  above  the  average  speed,  depending 
on  tlie  distance  between  stops.  This  gives  conditions  which  are  similar 
to  those  encountered  in  practice,  since,  the  longer  the  distance  between 
stops,  the  lower  will  be  the  ratio  between  maximum  and  average  speeds. 
The  method  by  which  the  figures,  in  the  last  column  of  Table  III,  have 
been  obtained  may  be  illustrated  by  working  through  an  example. 
Thus,  consider  that  the  run  of  }  mile  between  stops  is  to  be  made  at  a 
schedule  speed  of  20  ml.p.h.,  with  a  stop  of  20  seconds,  other  conditions 
being  as  above.    Then  we  have 

c,  ,     ,  ,    ^.          0-5x3600     ^    ^ 
Schedule  time= ^Tj =^  sec. 

Running  time  =  90—20=70  sec. 
Average  speed = =jr =25-7  ml.p.h. 

The  maximum  speed  is  40  per  cent,  greater  than  this  (i.e.  36  ml.p.h.). 
Inserting  this  value  in  equation  (2)  we  obtain 


1 
a 


imy§i^i.^-i^-i=o-6i, 


(36)' 


whence  a==l'64  inl.p.h,p.8. 
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TABLE  III 

Minimum  Acceleration  bequibed  for  Various  Services. 
Braking  Retardation  :  2*0  aiL.p.H.p.s. 


Distance 

between 

Stop*. 

Duration 

of 

Stop. 

Schedule 
Speed. 

n]l.p.h. 
15 

Schedule 
Time. 

Running 
Time. 

Average 
Speedf. 

Ratio  :— 
Maximum  Speed 

Average  Speed 

Maximum 
Speed. 

ml.p.h. 
22-9 

Minimum 
Accelera- 
tion. 

milei. 

seconds. 

seconds. 

120 

seconds. 

110 

ml.p.h. 
16*36 

ml.p.h.p.8. 
0-45 

10 

20 

90 

80 

22-5 

1-4 

31-5 

1-05 

0-5 

26 
15' 

72 

62 

29 

40-6 

2-68 

120 

100 

18 

25-2 

0-57 

20 

20 

90 

70 

25-7 

1-4 

36 

1-64 

25 

72 

52 

34-6 
2117 

48-4 

8-7 

20 

180 

170 

27-5 

0*425 

10 

25 
30 

144 
120 

134 
110 

26-85 
32-7 

1-3 

34-9 
42-5 

0-79 
1-44 

1-0 

• 

35 

102-8 

92-8 

38-8 

50-5 

2-9 

20 

180 

160 

22-5 

29-25 

0-5 

20 

25 
30 

144 
120 

124 
100 

29 
36 

1-3 

37-7 
45-5 

0-98 
1-85 

35 
20 

102-8 

82-8 

1 
350 

43-5 
20-57 

.  -  - 

56*6 

5-7 
0-237 

360 

24-7 

10 

25 
30 

288 
240 

278 
230 

25-9 
31-3 

1-2 

31-1 
37-6 

0-4 
0-65 

1 

35 
20 

206 

196 
340 

36-7 
2108 

■  - 

44 
25-3 

r-0 

0-25 

360 

1 

20 

20 

25 
30 

288 
240 

268 
220 

26-85 
32-7 

1-2 

32-2 
39-3 

0-44 
0-73 

1 

35 

206 

186 
330 

38-7 
21-8 

1 

46-4 

1-2 

20 

360 

26-2 

0-27 

30 

j      25 
1      30 

288 
240 

258 
210 

27-9 
34-3 

1-2 

33-5 
41-2 

0-48 
0-83 

!      35 

1 

206 

i     176 

40-9 

49-1 

1-43 

Table  IV  gives  the  schedule  speeds,  corresponding  to  various  values 
of  acceleration,  for  various  conditions,  the  rate  of  braking  and  ratio 
of  maximum  to  average  speed  being  the  same  as  in  Table  III. 

The  results  of  Tables  II,  III,  and  IV  are  plotted  in  Figs.  5,  6. 
and  7  (p.  16). 
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TABLE  IV 
Schedule  Speeds  corresponding  to  Various  Services. 


DiiUoce 

between 

Stops. 

Acceler- 
ation. 

Braking 
Retard- 
ation. 

Maxi. 
mum 
Speed. 

Ratio:- 
Maximum  Speed 

Average 
Speed. 

Running 
Time. 

Duration 

of 

Stop. 

Schedule 
Time. 

Schedule 
Speed. 

Average  Speed 

miles. 

0-5 

■ 

ml.  p. 
h.p.s. 

10 

1-26 

1-5 

1*76 

20 

ml.p. 
h.p.8. 

20 

mLp.h. 
31-2 

33-3 

35-1 

36*7 

38 

1-4 

mLp.h. 
22-3 

23-8 

25-1 

26-2 

27-2 

seconds. 
80-7 

75-6 

71*7 

68-7 

66-1 

seconds. 

10 
20 
10 
20 
10 
20 
10 
20 
10 
20 

seconds. 

90*7 
100-7 
86*6 
95-6 
81-7 
91-7 
78*7 
88-7 
761 
86-1 

mLp.h. 

19-6 

17*8 

21 

18-8 

22 

19-6 

22-9 

20-3 

23-6 

20-9 

10 

0-75 

10 

1-25 

1*5 

2-0 

20 
20 

34-3 

38 

40-8 

43 

46-5 

1-3 

26-4 

29*25 

31-4 

331 

35-8 

136-5 

123 

114-6 

108-8 

100-5 

10 
20 
10 
20 
10 
20 
10 
20 
10 
20 

146-5 

166-5 

133 

143 

124*6 

134-6 

118-8 

128-8 

110-5 

120-5 

24-6 

23 

27*1 

25-2 

28*9 

26-7 

30*8 

28 

32-6 

29*9 

1 
20 

0-5 
0-75 
1-0 
1-25 

34 
39*6 
43-8 
47-1 

1*2 

28*4 
33 
36-6 
39*3 

264 
218 
197 
183-5 

20 
30 
20 
30 
20 
30 
20 
30 

274 

284 

238 

248 

217 

227 

203*5 

213-5 

26-3 

25-4 

30-3 

29 

33-2 

31-7 

35-4 

33-7 

Nous. — The  maximum  speed  is  obtained  from  equation  (2),  thus  : 

/i     1\_720^/F.    ,\ 


or 


'-^M'^H^-')} 


y 
the  ratio  -^  beinir  known. 
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A  study  of  these  tables  and  curves  shows  the  necessity  of  a  high 
acceleration,  if  a  high  schedule  speed  is  desired,  in  urban  and  suburban 
service.  It  is  evident  that  no  steam  locomotive  could  run  a  service 
at  a  schedule  speed  of  20  ml.p.h.  with  a  stop  every  \  mile,  even  when 
the  duration  of  the  stop  is  only  10  seconds,  but  it  is  quite  within  the 
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Fio.  6. — ^Influence  of  Duration  of  Stop 
and  Length  of  Run  on  Schedule 
Speed. 
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FiQ.  6, — Minimum  Acceleration  to  main- 
tain given  Schedule  Speeds  with  various 
Distances  between  Stops. 


range  of  electric  traction  to  run  this  service  with  a  stop  of  20  seconds' 
duration. 

When  we  consider  longer  distances  (e.^.  above  1  mile)  between  stops, 
the  importance  of  a  high  acceleration  is  not  so  marked,  and  a  steam 


Fio.  7. — Schedule  Speeds  corresponding  to  runs  of  0*5,  I'O, 
and  2'0  miles,  with  various  VcJues  of  Acceleration. 

locomotive  would  be  quite  capable  of  running  a  service  at  a  schedule 
speed  of  over  25  ml.p.h.  with  a  stop  of  30  seconds'  duration  at  stations 
2  miles  apart. 


CHAPTER  III 

THE  MECHANICS  OF  TRAIN  MOVEMENT 

II.  Preliminary  Investigation  op  Enbeoy  Consumption 

We  have  seen  how  the  speed  of  a  train  can  be  represented  during  any 
interval  of  its  motion,  and  it  is  now  necessary  to  consider  the  manner 
in  which  the  energy  required  can  be  estimated. 

When  electricity  is  applied  to  the  operation  of  tramway  and  railway 
systems  from  a  central  power  station,  it  is  necessary  to  predetermine 
the  amount  of  power  required  by  the  cars  and  trains,  in  order  that  the 
power-station  equipment,  sub-stations,  feeders,  &c.,  may  be  designed  for 
economical  working.  The  degree  of  accuracy  to  which  this  redeter- 
mination is  possible  will  depend  on  the  exactness  of  the  available  know- 
ledge relating  to  the  conditions  of  operation,  such  849  schedule  speed, 
distance  between  stops,  frequency  of  service,  weight  of  cars,  &;o.  Thus, 
on  railways,  the  schedule  speeds  are  fixed  by  time-tables,  and  the  oper- 
ating conditions  are  known,  but  with  street  tramways  the  schedule 
speeds  and  the  operating  conditions  are  very  variable.  Nevertheless 
the  average  power  required  for  a  tramway  system  can  be  fairly  well 
estimated.  However,  in  this  case,  an  exact  estimation  is  not  essential, 
as,  apart  from  the  variable  conditions  met  with  in  street  traffic,  the 
maximum  power  taken  by  a  tramcar  is  under  75  kw.  On  the  other 
hand,  a  train  may  require  as  much  as  2000  kw.,  and  the  necessity 
of  an  accurate  determination  of  the  power  required  is,  therefore, 
obvious. 

The  total  energy  supplied  to  an  electric  train  for  propulsion  may  be 
expended  in  five  ways,  viz. :  (1)  in  accelerating  the  train  in  a  horizontal 
direction ;  (2)  in  accelerating  the  revolving  parts ;  (3)  in  doing  work 
against  gravity,  if  the  train  is  ascending  a  gradient ;  (4)  in  overcoming 
the  resistances  to  motion  ;  and  (5)  in  supplying  the  losses  in  the  motors 
and  electrical  equipment. 

For  short-distance  runs  at  high  schedule  speeds,  the  energy  required 
for  the  first  and  second  items  is  a  very  large  portion  of  the  total  energy 
supplied,  while  for  long-distance  nms  at  high  speeds  the  energy  required 
for  item  (4)  will  be  considerably  greater  than  that  required  for  the 
remaining  items. 

The  energy  expended  in  accelerating  the  train  is  converted  into 

kinetic  energy,  of  which  a  portion  is  utilised  during  coasting,  and  the 
remaining  portion  is  usually  dissipated  in  the  brake  shoes. 

17  B 
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The  force  (F)^  in  pounds,  necessary  to  produce  an  acceleration  of 
a  ml.p.h.p.s.  on  a  body  weigWng  H^  tons  is  given  by 

J'=102TFa* (3) 

In  deriving  this  equation  it  is  assumed  that  there  are  no  rotating 
parts  to  be  accelerated.  However,  the  wheels,  motor  armatures,  and 
other  rotating  parts  on  a  train  have  to  be  accelerated  in  an  angular 
direction  as  well  as  a  linear  one.  The  force  required  for  the  angular 
acceleration  of  the  rotating  parts  can  be  obtained  in  the  following  manner  : 
Ck)nsider  a  wheel,  of  mass  m  and  radius  r,  rotating  about  itH  axis. 
If  a  force  /,  in  addition  to  that  necessary  to  balance  friction,  is  applied 
to  the  periphery  of  the  wheel,  the  latter  will  be  accelerated.  If  /  is 
the  moment  of  inertia  of  the  wheel  and  a^  the  angular  acceleration,  then 

/r=/aa. 
But  aa=',  where  a  is  the  b'near  acceleration  of  a  point  on  the  peri- 
phery of  the  wheel. 

Also  I=zfnl^,  where  k  is  the  radius  of  gyration. 


Hence 


/=««x(^*. 


Adopting  the  same  units  as  above,  let 
Wi  =  weight  of  wheel  in  tons, 
fi  =  radius  of  the  tread  in  feet, 
ki  =■  radius  of  gyration  in  feet, 
a  =  acceleration  of  train  in  ml.p.h.p.s., 
Fj  =  the  force,  in  lb.,  necessary  for  the  angular  acceleration  of 
wheel. 


then 


F,^l02W^a(^y (4) 

Now  consider  an  armature  driven  through  gearing  from  the  axle  of 
this  wheel.    Then,  for  an  acceleration  of  a  at  the  tread  of  the  wheel, 

the  angulaJ:  acceleration  of  the  armature  will  be  —  y,  where  y  is  the  gear 

ratio.    Hence,  if  /"^  is  the  force  (in  lb.),  acting  at  the  tread  of  the  wheel,! 
to  produce  the  angular  acceleration  of  the  armature,  then 

J',=102tF^^)*=102»r^(i«y(^)* (5) 

where  W^  =  weight  of  armature  in  tons, 

k2  =  radius  of  gyration  of  armature  in  feet, 
f 2  =  radius  of  armature  in  feet. 
The  forces  for  the  angular  acceleration  of  the  gear  wheel  and  axle 
may  be  similarly  obtained. 

If  n  =  number  of  axles  on  a  train  made  up  of  motor  and  trail  coaches, 
and  »i  =  the  number  of  motors,  then  the  total  force  Fa  (lb.),  acting  at 
the  tread  of  the  driving  wheels,  required  for  the  acceleration  of  the 
train  on  level  track,  will  be 

Fa=^F+2nF^+n^F2+n,F,, 

♦  F(lb.)=-^*^'*®'x  2240x  l-47a  =  102H^a,  taking  ^=32-2. 

f  It  is  necessary  to  consider  this  force  acting  at  the  tread  of  the  wheel,  as  the 
characteristics  of  the  motor  are  calculated  for  the  output  at  this  point. 
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where  /*,  is  the  force  for  the  angular  acceleration  of  each  gear  wheel, 
the  axles  being  neglected.    Hence 

F.=102TFa+102TF,a .  2n(^y+102tf^ni7«(^Y(^J+102H^soni(^Y 

=lO2a{H^+2»ir,(i')%«,»F,r<^y@%»xPF30} 

=  102a}K, (6) 

where  We  is  called  the  "  eflTective  "  or  "  accelerating  "  weight  of  the 
train. 

The  amount  by  which  We  exceeds  the  dead  weight  of  the  train  varies 
from  8  per  cent,  to  15  per  cent,  of  the  latter,  the  actual  value  depending 
on  the  number  of  wheels  and  motors,  type  of  motor,  &;c. 

In  order  to  calculate  the  effective  weight  of  a  train,  it  is  necessary 
to  know  the  radius  of  gyration  of  each  rotating  part.  The  radius  of 
gyration  of  a  cylinder  is  0*707  X  external  radius ;  an  average  value  for 
a  steel-tyred  railway  wheel  is  0  * 77  X  radius  of  tread ;  *  while,  for  the  arma- 
ture of  a  continuous-current  or  alternating-current  commutator  motor, 
the  value  of  0*7  X  external  radius  of  armature  core  is  approximately 
correct.f  The  radius  of  g3a*ation  of  a  gear  wheel  will  depend  on  the 
design  of  the  wheel,  but,  for  the  class  of  gear  wheels  used  on  motor- 
coach  trains,  the  value  of  0*8  X  radius  of  pitch  circle  will  be  sufficiently 
accurate. 

Hence,  inserting  these  values  in  the  above  equation,  we  have 

We=W+2nW^(0'llf+n^WiY\0'1)^^y+n,^^^^ 

==TF-hl*2nTFi-f0*49»4TF2y«rj?)-f0-64wiH^3r^y (7) 

Example. — ^The  electric  trains  on  the  South  London  section  of  the 
London,  Brighton,  and  South  Coast  Railway  are  composed  of  two  motor- 
coaches  and  two  trailers.  Each  coach  is  mounted  on  two  4-wheel  bogie 
trucks,  and  each  axle  of  a  motor-coach  carries  a  single-phase  motor  of 
115  H.P.,  which  drives  the  axle  through  gearing  having  a  gear  ratio  of 
4-24 : 1.  Each  motor-coach  (without  passengers)  weighs  54  tons,  and 
each  trailer  coach  weighs  24*25  tons.  All  wheels  are  43^  in.  in  diameter, 
and  weigh  1010  lb.  each.  The  motor  armatures  weigh  1850  lb.  each, 
and  have  a  diameter  of  approximately  20  in.  The  gear  wheels  have  a 
pitch  circle  diameter  of  approximately  29^  in.,  and  weigh  300  lb.  each. 

The  train  will,  therefore,  have  16  axles  and  8  motors.  The  dead 
weight  of  train  is  156*5  tons. 

Hence  the  effective  weight  will  be 

,..=x».5+{li2Si2!2)+{„.«.s><^x,..24,x(^J} 


^  (^aA     o      300    /29*25V\ 
+  ^^X^X22^x(43t)} 


=  156*5+8*65-f  12*6+0*3 

=  178  tons,  or  13*6  per  cent,  greater  than  the  dead  weight  of  the 

*  Journal  of  the  InatUtUion  of  Electrical  Engineers,  vol.  50,  p.  436. 
t  Ibid.,  p.  437. 
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train.    It  will  be  observed  that  only  a  very  small  error  would  have 
been  introduced  if  the  gear  wheels  had  been  neglected. 

The  work  done  against  gravity  when  a  train  is  ascending  a 
gradient  is  equal  to : — weight  of  train  x  vertical  distance  through  which 
it  is  elevated,  ^he  additional  force  (Fg .  lb.)  at  the  driving  wheels  to 
accelerate  a  train  up  a  gradient  is  given  by 

Fg=22'4tWG  * (8) 

(or  22-4  lb.  per  ton  per  1  per  cent,  gradient),  G  representing  the  per- 
eentage  gradient  and  W  the  weight  of  the  train  in  tons. 

The  remaining  item  which  must  be  known  before  the  dynamical 
performance  of  train  can  be  obtained  is  the  resistance  to  motion,  called 
train  resistance "  or  ''  train  friction."  This  is  made  up  of  several 
variable  components,  of  which  none  can  be  calculated  from  first  prin- 
ciples. Our  present  knowledge  of  train  resistance  has  been  obtained 
from  the  experience  of  several  investigators,  who  have  proposed  empirical 
formulae,  based  on  experimental  results.  Train  resistance,  in  detail, 
is  considered  later,  but  for  present  purposes  it  may  be  pointed  out  that 
the  specific  train  resistance  of  a  motor-coach  train  is  higher  than  that 
of  the  same  number  of  coaches  hauled  by  a  locomotive.  For  locomotive- 
hauled  trains,  Aspinall's  formula 

r=2-6+=jr-3 —  ,  where  r= specific  train  resistance  in  lb.  per 

50  'o-j-O  *0278X/ 

ton  of  train  weight, 

Z/=length  of  train  in  feet, 

F=sp^d  in  miles  per  hour]  f 

is  usually  considered  as  standard  in  this  country.    For  motor-coach 
trains  the  following  formula  (38)  is  proposed  :  % 

r=4-l+0-065F+^'  (0 -00284+0 -0000 122nL), 

where  r= specific  train  resistance  in  lb.  per  ton  of  tram  weight, 
IF = weight  of  train  in  tons, 
F= speed  in  miles  per  hour, 
n=number  of  coaches, 

^=cros8H9ectional  area  (in  sq.  ft.)  at  right  angles  to  motion, 
Z/= length  of  edch  coach  in  feet,  and 

k=Bk  coefficient  to  include  the  effect  due  to  the  shape  of  the  ends 
of  the  coaches. 

These  formulae  refer  to  train  resistance  at  constant  speed.  When 
the  speed  is  changing  rapidly,  the  train  resistance  is  greater  than  that 
at  constant  speed,  and  therefore,  during  the  initial  period  of  accelera- 
tion, we  cannot  apply  these  formulae  for  the  train  resistance.  More- 
over, a  relatively  large  variation  in  the  train  resistance,  during  tins 
period,  will  have  little  effect  on  the  dynamical  performance  of  the  train, 
since,  in  urban  service,  practically  95  per  cent,  of  the  total  energy  output 

♦  The  force  acting  down  the  gradient  is  2240 If'  sin  0  (lb.),  where  0  is  the  angle 
of  the  gradient  from  the  horizontal.  When  the  gradient  is  expressed  in  the  usual 
manner,  this  expression  reduces  to  the  above  form. 

t  See  paper  on  ** Train  Resistance"  by  Mr.  J.  A.  F.  Aspinall,  MintUea  oj  Pro- 
ceedings oj  the  Institution  of  Civil  Engineers,  vol.  147,  p.  166. 

t  See  Chapter  XVIII. 
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from  the  driving  axles  will  be  expended  in  acceleration.  We  are,  there- 
fore, justified  in  assuming  an  average  value  for  the  train  resistance  during 
the  initial  accelerating  period,  and,  in  practice,  this  is  usually  taken  at 
from  7  to  10  lb.  per  ton  weight  of  train.  During  speed-curve  running 
(when  the  acceleration  is  gradually  decreasing),  and  free  running  {i.e. 
constant  speed),  the  train  resistance  should  be  obtained  from  the  formiilae. 
If  r  is  the  specific  train  resistance  in  lb.  per  ton  weight  of  train,  and 
W  IB  the  weight  of  the  train  in  tons,  the  total  train  resistance  will  be 
Wxr  lb.  When  the  train  is  running  at  uniform  speed  on  level  track, 
the  total  force  or  tractive  effort  at  the  driving  wheels  will  be  equal  to 
the  train  resistance.    The  total  power  (P)  at  tne  driving  axles  will  be : 

p    rTFFx 5280  .^  p  . 
^~"  60x33000  ^°^^'^ 

=0-00267rTFF  (H.P.) 

74fi 
=0-00267XY^r»^F  (kw.) 

=0-002rTrF  (kw.) (9) 

where  V  is  the  speed  of  the  train  in  miles  per  hour. 

During  the  initial  period  of  uniform  acceleration,  the  total  average  out- 
put from  the  driving  axles  will  be  F  =0-002 F  (102 TF«a+r'  W)  kw.,  where 
r'  is  the  assumed  value  of  the  specific  train  resistance,  and  V  is  the 
average  speed  during  this  period.  For  the  period  of  speed-curve  running, 
where  the  acceleration  is  variable,  the  output  from  the  driving  axles,  at 
any  instant,  will  be 

Pi=0-002Fi(102TF^i+riTF)  kw., 

where  Fj  and  Ci  are  the  instantaneous  speed  and  acceleration,  and  r j 
is  the  train  resistance  at  speed  Fj. 

If  the  duration  of  the  accelerating  and  free-running  periods  is  known, 
then,  by  multiplying  the~above  expressions  for  the  power  by  the  corre- 
sponding times,  the  energy  output  from  the  driving  axles  will  be  obtained. 
This  will  represent  the  energy  required  for  dynamical  purposes,  which  is 
entirely  independent  of  the  system  of  propulsion,  except  in  so  far  as  the 
latter  affects  W  and  We-  The  energy  input  to  the  motors  will  depend  on 
the  efficiency  of  the  electrical  equipment  and  the  method  of  speed  control. 

The  energy  input  to  the  motors  is  called  the  '*  energy  consumption  " 
of  the  train,  since  it  is  the  energy  used  for  propulsive  purposes.  The 
total  energy  taken  from  the  conductor  rails  or  overhead  line  will  be 
greater  than  this  by  the  amount  required  for  lighting,  heating,  control 
and  brake  apparatus. 

The  energy  consumption  can  be  expressed  in  "  kilowatt-hours  per 
train  mile,"  that  is, 

energy  consumption  of  train  in  kilowatt-hours 
length  of  run  in  miles 

or  in  "  watt-hours  per  ton  mUe,"  that  is, 

energy  consumption  of  train  in  watt-hours 
length  of  nm  in  miles  x  weight  of  train  in  tons 

the  latter  being  known  as  the  specific  energy  consumption. 

The  specific  energy  consumption  of  trains  operating  at  a  given 
schedule  speed  is  influenced  by  (1)  the  distance  between  stops,  (2)  the 
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acceleration,  (3)  the  retardation,  (4)  the  maximum  speed,  (5)  the  type 
of  train  and  equipment,  (6)  the  configuration  of  the  track. 

Generally,  for  a  given  run  at  a  given  schedule  speed,  the  specific 
energy  consumption  will  be  lower  the  higher  the  acceleration  and  re- 
tardation, since  by  these  means  a  longer  coasting  period  can  be  ob- 
tained. However,  due  consideration  must  be  given  to  the  weight  of 
the  equipment,  and  the  effect  of  this  on  the  energy  consumption  of  the 
train.  For  runs  of  short  distances,  a  low  specific  energy  consumption 
will  generally  indicate  a  low  total  energy  consumption,  but  for  longer 
distances  it  does  not  follow  that  a  similar  relation  holds,  since,  in  the 
latter  case,  the  work  done  against  train  resistance  is  a  considerable  per- 
centage of  the  total  energy  output  from  the  axles.  Table  V  shows  that,  in 
the  case  of  long-distance  runs,  the  effect  of  increased  acceleration,  in  re- 
ducing the  specific  energy  consumption,  is  altogether  counteracted  by  the 
increased  weight  of  the  train  leading  to  a  greater  total  energy  consumption. 

Table  V  has  been  calculated  for  motor-coach  trains  weighing  200 
and  225  tons  operating  at  various  schedules.  The  200-ton  traiA  is 
considered  to  operate  with  an  acceleration  of  0-5  ml.p.h.p.s.,  while  for 
the  225-ton  train  an  acceleration  of  1*0  ml.p.h.p.s.  has  been  assumed. 
The  braking  retardation  is  1*5  ml.p.h.p.8.  in  each  case.  The  effective 
weight  for  the  200-ton  train  has  been  assumed  at  216  tons,  and  at  247 
tons  for  the  225-ton  train.  The  energy  output  given  in  the  table  has 
been  calculated  (see  below)  on  the  basis  of  a  simplified  speed-time  curve, 
consisting  of  periods  of  constant  acceleration,  constant  speed,  and 
constant  retardation.  The  large  percentage  of  energy  wasted  in  the 
brakes  for  the  short-distance  runs  should  be  noted. 

In  cases  where  the  simplified  speed-time  curve  can  be  applied,  such  as 
in  comfattUive  calculations  similar  to  the  above,  the  energy  output  from 
the  driving  wheels  can  readily  be  obtained  from  the  following  equations : 

0*0283  FV  * 

(1)  Energy  required  for  acceleration  = — -^ — ^    watt-hours  per 

ton-mile,  where  V  is  the  speed  (in  miles  per  hour)  at  the  end  of  acceler- 
ating period,  D  is  the  distance  between  stops  in  miles,  and  i  is  the  ratio 

of  the  effective  weight  to  the  dead  weight  {i,e,  -^j (10) 

jy 

(2)  Work  done  against  train  resistance  =  2^  watt-hours  per  ton- 
mile  t  for  each  lb.  per  ton  of  train  resistance,  U  being  the  distance 

*  A  body,  having  an  effective  weight  of  W^  tons,  moving  with  a  velocity  of 
V  miles  per  hour,  possesses  kinetic  energy 

^W  x2240x^^ggg-j  xjgg^j^gggwatt-hours, 

00283F«Tf,     00283F»f      ,,  ^  .  ., 

= -^rp = j: watt-hours  per  ton-mile. 

t  If  TF=  weight  of  train  in  tons,  r=  specific  train  resistance  in  lb.  per  ton,  the 
work  done  against  train  resistance  over  a  distance  £>'  miles  will  be :  6280  D^Wr  ft.  lb. 

Converting  this  into  watt-hours,  we  obtain  Wrjyj^^^  ^J^tS\  =  1*99  TTrZK  watt- 

\  650x3600/ 

hours,  which  reduces  to  r99r=-  watt-hours  per  ton-mile  for  the  whole  nm,  or 

jy 

approximately  2=^  watt-hours  per  ton-mile  for  each  lb.  per  ton  of  train  resistance. 
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24  ELECTRIC  TRACTION 

(in  miles)  over  which  work  is  done,  and  D  the  distance  (in  miles)  between 

stops     .     .  • (11) 

We  shall  now  show  how  these  equations  have  been  applied  to  the  cal- 
culation of  Table  V.  Thus,  considering  the  first  run  of  i  mile  between 
stops,  the  average  speed  is  20  ml.p.hi,  and  consequently  the  running 
time  is 

(0:75^^)  135  sec. 

The  acceleration  is  1-0  ml.p.h.p.s.,  and  the  retardation  is  1*5  ml.p.h.p.s. 
Inserting  these  values  in  equation  (1)  we  obtain  the  maximum  speed 
as  23-4  ml.p.h. 

The  time  of  acceleration  is  ('T:7r=  )  23-4  sec,  the  time  of  braking  is 

(23*4    \ 
— — =  j  15-6  sec.,  and  the  time  of  free  running  is  96  sec.    The  distance 

/23'4    23*4     \ 
traversed  during  acceleration  \a  I  -5—  X  ^^ttt  =  j  0  -076  ml . ,  and  that  during 

free  running  is  (23-4 Xo^=)  0*624  ml. 

Assuming  the  specific  train  resistance  during  acceleration  and  free 
running  at  8  lb.  per  ton,  we  have  :  Energy  used  against  train  resistance 

=2x8x^^^^^^±^^^=l6  watt-hours  per  ton-mile. 

The  energy  used  in  acceleration 

0-0283  X  (23-4)2x247    „„  «       **  u  *  -i 

= 0  75x225 =22-7  watt-hoors  per  ton-mile. 

The  specific  energy  consumption  (on  the  assumption  of  no  losses  in  the 
train  equipment)  is  15+22*7=37-7  watt-hours  per  ton-mile,  and  the 

225x37*7 
total  energy  consumption  is  — j^gg — =8*48  kw.  hours  per  train-mile. 

As  an  example  of  the  application  of  the  above  methods  we  will 
consider  the  following  problem  : 

A  train  weighing  150  tons  (gross  weight)  runs  to  the  following  schedule : 
Distance  between  stops ^  1*25  miles  ;  duration  of  stop,  30  seconds  ;  schedule 
speed,  20  nU.p.h, 

There  is  a  uniform  ''  wp^*  gradient  of  1  in  150  the  whole  way. 

Calculate  the  H,P,  required  from  tiie  motors  and  the  energy  demand 
from  the  generating  station  per  ton-mile,  assuming  suitable  figures  where 
necessary.    (C.  <fe  (?.,  Orade  III,  PL  III,  1915.) 

The  following  data  are  assumed  : 

Acceleration  (on  level  track)  =  1  -0  ml.p.h.p.s. 

Braking  retardation  (on  level  track)  =2*0  ml.p.h.p.s. 

Effective  weight  of  train  (considered  as  8  per  cent. 

greater  than  the  dead  weight)  =162  tons. 

Train  resistance  =  10  lb.  per  ton. 

The  acceleration  (or  retardation)  due  to  the  grade  is  obtained  by  a 
combination  of  equations  (8)  and  (6).  Thus,  if  aj  represents  this  ac- 
celeration (or  retardation),  then 

22*4TfGf    22*4x0-66    ^  ,«.     ,     , 
^=T02Wr=  102x108=^'^^^  ml.p.h.p.s. 
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Hence  the  acival  valves  of  the  acceleration  and  retardation  will  be  : 
Acceleration  =1-0— 0- 135=0-865  ml.p.h.p.s. 

Retardation  during  braking=20+0135=2-135  ml.p.h.p.s. 

The  running  time  is     ( 55 30j=     195  second  ,  and  the 

_,  .    /I  25x3600    \  OQ  1  «.!  «  1. 
average  speed  is  I jgg = j  23'1  ml.p.n. 

We  are  now  able  to  obtain  the  maximum  speed  by  the  application 
of  equation  (1)  on  the  assumption  of  a  simplijkd  speed-time  curve  (Fig.  4). 


TK      V      /0'865x2'135\ 
inus  »'m-\^Q.gg5^2-136/ 


=24-8  ml.p.h. 

We  next  determine  the  duration  of  the  accelerating  and  free-running 
periods,  and  also  the  distances  traversed  during  these  periods.  For 
convenience  these  calculations  are  arranged  in  tabular  form  : 

Duration  of  accelerating  period  Ui=— ^  j  28*7   sec. 

Duration  of  braking  period  ^^3=-^!  11 -6  sec. 

Duration  of  free  running  period  (^2=^— (^i+^a))  154-7   sec. 

Distance  covered  during  acceleration  lDi=-^x  9^^ )  0-099  ml. 

Distance  covered  during  free  running  (D^=  ^»»^fiOo)  ^  '^^^  ^• 

Total  distance  covered  during  acceleration  and  free  run> 

ning(i/=I>i+I>2) 1-165    ml. 

Therefore  the  energy  used  against  train  resistance  (obtained  by  the 
application  of  equation  (11))  is 

(2x  10x-^:25'=)  ^^'^^  watt-hours  per  ton-mile, 

while  the  work  done  against  gravity  is 

(2x(22-4x0-66)x«Y^=)  27-85  watt-houTS  per  ton-mile. 

[Note. — ^The  "  resistance  "  due  to  gravity  =  22*46^  lb.  per  ton.] 

The  energy  used  in  acceleration  (obtained  by  the  application  of 
equation  (10))  is 

/0-0283X (24-8)2x1 -08    \  ,-       **  .  *  -i 

\^ Y:^^ = )  16  watt-hours  per  ton-mile. 

Hence  the  energy  demand  from  the  generating  station 

=18-65+27-85+15=61-5  watt-houTS  per  ton-mile. 

The  maximum  output  from  the  motors  will  occur  at  the  end  of  the 
accelerating  period,  and  will  be  equal  to 

[600267x24-8(102xl62x0-865+10x  150+0-66x22-4x150)=] 

1195  H.P. 
[Note. — ^Apply  the  equations  on  p.  21.] 


CHAPTER  IV 

OOmiNUOUE^OURRBNT  TRACTION  MOTORS 

In  the  last  chapter  we  have  shown  that  the  tractive  e£Fort  required  for 
the  acceleration  of  a  train  is,  generally,  considerably  greater  than  that 
for  free  running,  while  additional  tractive  effort  is  required  when  negoti- 
ating up-gradients.  With  electric  traction  the  tractive  effort  is  supplied 
from  the  motors  in  the  form  of  torque  at  the  armature  shaft,  and,  in  a 
given  case,  the  tractive  effort  will  always  bear  a  constant  relation  to 
the  torque  exerted  by  the  motor,  so  that  it  is  now  necessary  to  consider 
the  relations  between  the  speed,  torque,  and  current  in  continuous- 
current  motors. 

Now  the  gross  torque  exerted  by  the  armature  of  any  continuous- 
current  motor  is  given  by  the  equation 

^-^^^xsfe <^2) 

or  ^  =  ^^ (12a) 

where  M  is  the  gross  torque  (in  Ib.-ft.),  p  the  number  of  poles,  c  the  number 
of  circuits  in  the  armature  winding,  z  the  number  of  conductors  on  the 
armature,  T  the  number  of  turns  in  series  between  the  brushes,  /  the 
total  armature  current  (in  amperes),  <t>  the  flux  per  pole  (in  megalines). 
For  a  given  type  of  armature  winding  and  a  given  number  of  poles 
(i.e.  a  fixed  value  for  the  ratio  p/c),  the  torque  is  proportional  to  the 
product  of  fivac  and  ampere  conductors  on  the  armature,  or,  for  a  given 
motor,  the  torque  is  proportional  to  the  product  of  flux  and  armature 
current. 

Hence,  in  a  shunt  motor,  the  relation  between  the  torque  and  the 
armature  current  can  be  represented  by  a  straight  line,  but  in  compound 
and  series  motors  the  relation  between  these  quantities  cannot  be  ex- 
pressed with  such  simplicity,  on  account  of  the  variation  of  the  flux  with 
the  armature  current.  In  Fig.  8  are  given  comparative  torque-current 
curves  for  ideal  shunt,  series,  and  compound  motors  in  which  we  have 
assumed  the  armature  windings  and  magnetic  circuits  to  be  identical, 
and  have  neglected  the  effects  of  armature  reaction.  From  these  curves 
we  obtain  the  "specific  torque"  curves  in  Fig.  9,  which  provide  us 
with  a  better  comparison  of  the  torque  characteristics  than  the  curves 
of  Fig.  8.*    The  curves  of  Fig.  8  show  clearly  that,  when  a  large  torque 

*  Incidentally  the  curves  in  Fig.  9  represent  the  variation  of  the  flux  with 

armature  current,  since  -«- » f  ^-W, 

26 
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is  required,  the  series  motor  will  be  able  to  perform  this  operation  with 
a  lower  current  consumption  than  the  shunt  motor. 

Let  us  now  consider  the  manner  in  which  the  speeds  of  the  above 


40         50 


90       4a       90 

Ampmires 


Fig.    8. — Comparative    Torque    Curves  for    Fio.  9. — Comparative  Specific  Torque  (ft.- 
Series  (I),  Shunt  (II),  and  Compound  (III)  lb.  per  ampere)  Curves  for  Series  (I), 

Motors.  Shunt  (II),  and  Compound  (III)  Motora 

motors  are  afiFected  by  variations  in  the  torque.    The  equation  for  the 
speed  of  a  continuous-current  motor  is 

3000(i7-e) 


n=- 


pT^ 


(13) 


where  n  is  the  speed  of  the  armature  in  revolutions  per  minute,  E  the 
voltage  at  the  terminals  of  the  motor,  e  the  voltage  drop  in  the  motor, 
and  7>,  T,  ^  have  the  same  significance  as  above.    For  a  given  motor 

the  speed  is,  therefore,  proportional  to  the  ratio  : 3 — ' — ^— ^. 

The  speed-current  curves  given  in  Pig.  10  have  been  calculated  for 
the  above  motors,  and  by  combining  these  curves  with  those  in  Fig.  8 
we  obtain  the  speed-torque  curves  of  Fig.  11,  which  represent  the 
dynamical  performance  of  each  motor. 

Comparmg  the  dynamical  performance  of  each  type  of  motor  with 
that  of  the  urban  and  suburban  trains  given  in  the  preceding  chapter, 
we  find  that  the  series  motor  possesses  several  advantages  over  the  other 
types,  viz.  (1)  large  starting  torque,  (2)  high  free-running  speed,  (3) 
speed  automatically  decreases  on  "  up "  gradients,  thereby  avoiding 
the  large  increase  in  output  which  would  occur  if  the  speed  were  constant. 
In  addition  to  these  advantages  on  the  dynamical  side,  the  series  motor 
has  an  important  advantage  on  the  electrical  side,  viz.  that  the  division 
of  load  betiaeen  several  motors  in  paraU'el  is  only  slightly  affected  by 
(a)  differences  in  the  diameters  of  the  driving  wheels,  and  (6)  differences 
in  the  speed-curves  of  the  motors. 


28 
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To  illustrate  this  point  let  us  consider  a  car  equipped  with  two  series 
motors,  each  having  a  speed-curve  identical  with  curve  1,  Fig.  12a,  one 
motor  (A)  driving  a  pair  of  wheels  30  in.  in  diameter,  and  the  other 
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Fios.  10  and  11. — Speed-cuirdnt  and  Speed-torque  Curves  for  Series  (I),  Shunt  (II), 

and  Compound  (III)  Motors. 

motor  (B)  driving  another  pair  of  wheels  29.J  in.  in  diameter.  For  a 
given  speed  of  the  car,  the  speed  of  armature  B  will  be  (30/29«5=)  1-017 
times  that  of  A,    The  current  input  to  each  motor  (when  connected  in 


20  30  40 

Fig.  12a. 


Fio.  126. 


parallel)  will  be  the  currents  corresponding  to  these  speeds  on  the  speed- 
curve  I  (Fig.  12a).  Thus,  if  armature  A  is  running  at  390  r.p.m.,  then 
the  speed  of  armature  B  will  be  1-017x390=397  r.p.m.  These  speeds 
correspond  to  currents  of  415  amp.  and  39*5  amp.  respectively. 

If  the  car  were  equipped  with  two  shunt  motors  having  speed-curves 
identical  with  curve  II  (Fig.  12a),  then  we  could  obtain  the  current 
input  to  each  motor  in  exactly  the  same  manner.    Thus,  if  the  speed 
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of  armature  A  is  390  r.p.m.,  the  speed  of  J5  will  be  1  017x390=397 
r.p.m.,  and  the  currents  corresponding  to  these  speeds  on  speed-curve  II 
are  41 -5  amp.  and  24- 2  amp.  respectively.  We  observe  in  this  case  that 
the  motors  are  loaded  very  unequally. 

Let  us  now  consider  the  ejffect  of  the  speed-curves  of  the  car  motors 
not  being  identical.  If  all  the  wheels  are  assumed  to  have  the  same 
diameter,  then,  for  a  given  speed  of  the  car,  the  iarmatures  will  run  at 
equal  speeds.  The  current  input  to  each  motor  will  be  obtained  from 
the  point  on  each  speed-curve  which  corresponds  to  this  speed  (eee 
Fig.  126).  If  the  wheels  differ  in  diameter,  then  we  proceed  in  the 
manner  indicated  above. 

Summarising  these  results,  and  incorporating  with  them  the  values 
obtained  for  compound  motors,  we  have  : 

(a)  Speed-curves  of  car  motors  identical  (Fig.  12a),  driving  wheels  of 
unequal  diameter : 


Type  of  Motor. 

Diameter  of  Driving 
WheeU  (in.). 

Speed  of  Armatures 
(r.p.m.). 

■ 

Current  Input 
(Amperes). 

• 

1 
Motor  A. 

Motor  B. 

Motor  A. 

Motor  B. 

397 
397 
397 

Motor  A. 

Motor  B. 

Series  . 
Shunt  .      .     . 
Compoimd 

30 
30 
30 

29-5 
29-5 
29-6 

390 
390 
390 

41-5 
41-5 
41-6 

39-5 
24-2 
36-8 

{b)  Speed-curves  of  car  motors  not  identical  (Fig.  126),  driving  wheels 
of  equal  diameter : 


Type  of  Motor. 

Reference  to  Speed-curves. 
(Fig.  126.) 

Speed  of 
Armatures 

Current  Input 
(Amperes). 

Motor  A. 

Motor  B. 

Curve  Ib 

(r.p.m.). 

Motor  A. 
416 

Motor  B. 
44-5 

Series 

Curve  Ia 

390 

Shunt 

Curve  IIa 

Curve  IIb 

390 

415 

72 

Ck)mpound  . 

Curve  IIIa 

Curve  IIIb 

390 

41-5 

49-5 

In  the  above  discussion  our  comparisons  have  been  based  upon  the 
performance  curves  of  the  various  types  of  motors,  but  in  railway  service 
there  are  certain  features  in  the  operating  conditions  which  cannot  be 
predetermined  from  the  performance  curves.  Thus,  a  traction  motor 
is  liable  to  be  subjected  to  sudden  pressure-rises  in  the  supply  circuit, 
such  as  may  occur  when  a  heavy  current  or  a  short-circuit  is  opened  ; 
the  motor  is  also  liable  to  be  subjected  to  brief  interruptions  of  the  supply 
circuit  and  the  restoration  of  full  voltage,  such  as  would  occur  if  cross- 
overs and  section-insulators  were  crossed  with  power  on.  These  con- 
ditions are,  ol  course,  pecuUar  to  tr£U3tion  service,  and  therefore  it  will 
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Hotmtion 


be  desirable  to  consider  how  the  operation  of  the  different  types  of  motors 
will  be  a.ffected  by  them. 

Dealing  first  with  the  etTectS  of  pressui^B-rises :  when  a  motor  is  sub- 
jected to  a  sudden  pressure-rise,  me  initud  value  of  the  current-rush 
will  be  determined  by  the  impedance  of  the  motor  circuit,  and  the  dura- 
tion of  this  current-rush  will  depend  on  the  rate  at  which  the  counter- 
E.M.F.  of  the  motor  is  built  up.  The  current-rush  will,  therefore,  have 
a  lower  initial  value,  and  will  be  of  shorter  duration,  in  series  motors 
than  in  compound  or  shunt  motors.    The  commutation  of  this  current 

will'  generally  lead  to  sparking, 
and  the  operation  of  the  motor 
can  be  considered  as  satisfactory 
provided  that  the  sparking  is  not 
so  vicious  as  to  cause  a  flash- 
over  at  the  brushes. 

Now  a  "  flash-over  "  is  usually 
caused  by  an  excessive  voltage 
between  the  commutator  seg- 
ments in  the  vicimty  of  the 
brushes,  this  voltage  being  suffi- 
cient to  maintain  an  arc  between 
the  segments  when  produced  by 
sparking  at  the  brushes  :  the  arc 
is,  therefore,  drawn  out  across 
the  commutator  until  it  extends 
from  brush  to  brush,  thereby 
causing  practically  a  short-circuit 
across  the  supply  system. 

The  voltage  between  commu- 
tator segments  in  the  vicinity  of 
the  brushes  is  largely  influenced 
by  armature  reaction,  and,  con- 
sidering only  the  case  of  a 
machine  with  the  brushes  in  the 
neutral  position,  this  voltage,  for 
a  given  field-strength,  will  be 
the  greater  the  stronger  the  ar- 
mature reaction.  This  is  shown 
by  Figs.  13  and  14,  in  which  are 
given  curves  representing  the 
Figs.  13  and  14. — Distribution  of  Potential  distribution  of  potential  around 
around  Commutator  of  Non-commutat-  the  commutator,  under  various 
ing-pole  Motors.    Fig.  l3~Stoong  field,    conditions  of  armature  and  field 

weak  armature.      Fig.  14 — Weak  field,       .        _.,      #  ... 

strong  armature.  strengths,  for  a  non-commutating 

pole  machine. 
It  is  apparent  that  a  shunt  motor  of  ordinary  design  will  be  more 
sensitive  to  pressure-rises  than  a  series  or  a  compound  motor.  The 
series  motor,  as  designed  for  traction  service,  even  without  auxiliary 
commutating  devices,  is  able  to  withstand  sudden  pressure-rises  of  a 
large  amount  (perhaps  60  to  70  per  cent,  or  more  above  normal  voltage), 
which,  if  applied  to  a  shunt  motor,  designed  without  compensating 
windings,  would  certainly  produce  flash-overs. 

Next,  consider  the  operation  of  the  motors  when  the  supply  drcoit 
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is  briefljr  intermpted  and  restored  at  fkill  voltage.    There  is  noi^  a 

charaoterifitic  difference  between  a  series  and  a  shunt  motor,  as,  with 
the  latter  machine,  the  counter-E.M.F.  is  maintained — ^but  at  decreasing 
value — during  the  interruption,  while  with  the  former  machine  the 
counter-E.M.F.  ceases  when  the  interruption  occurs.  On  the  restora- 
tion of  the  supply  voltage,  the  shunt  machine  will  have  a  certain  counter- 
E.M.F,,  and  the  initial  value  of  the  current-rush  will  be  determined  by 
the  re6ultant-E.M.F.  and  the  impedance  of  the  armature  circuit,  in  a 
similar  manner  to  that  above.  In  the  series  motor,  however,  the  initial 
current-rush  will  depend  entirely  on  the  impedance  of  the  motor  circuit, 
but  it  will  only  be  of  very  brief  duration  ii  the  counter-E.M.F.  is  built 
up  rapidly.  Moreover,  since  the  frames  of  traction  motors  are 
usually  soUd,  the  flux  will  not  rise  at  the  same  rate  as  the  current,  and, 
consequently,  the  series  motor  will  have  to  commutate  this  fairly  large 
current  with  a  relatively  weak  field.  The  building  up  of  the  flux  and 
the  increasing  counter-E.M.F.,  however,  give  rapidly  improving  commu- 
tation, so  that,  by  suitable  design,  the  motor  will  be  able  to  withstand 
this  operating  condition  without  flashing-over. 

The  features  in  the  design  of  a  series  motor  to  obtain  this  result 

are:  (1)  a  relatively  "strong"  field  and  a  "weak"  armature  (i.e. 
the  field  ampere-turns  at  rated  load  must  be  much  greater  than  the 
armature  ampere-turns) ;  *  (2)  a  liberal  number  of  commutator  segments ; 
(3)  a  large  neutral  commutating  zone ;  (4)  the  elimination  of  soUd  spool 
bodies  and  short-circuited  turns  in  the  field  coils  (so  that  the  fiuz  cannot 
be  retarded  by  eddy-currents  induced  in  these  parts). 

Series  traction  motors  designed  on  these  lines,  without  special  com- 
mutating devices,  will  operate  satisfactorily  with  interruptions  in  the 
supply  circuit  such  as  occur  in  service,  and  in  order  to  produce  a  flash- 
over  under  these  conditions  a  voltage  of  from  50  to  80  per  cent,  above 
normal  is  required.  Of  course,  with  a  rough  commutator  or  weal^ 
brush  pressure,  in  combination  with  vibration,  flash-overs  may  be 
produced  with  lower  voltages,  especially  when  the  machine  is  running 
at  high  speeds. 

In  addition  to  the  above  features  in  the  electrical  design,  there  are 

other  features  in  the  electrical  and  mechanical  design  of  traction 

motorSi  as^  well  as  in  their  construction,  which  differ  from  the  standard 
practice  with  stationary  motors,  and  which  will  now  be  considered  in 
detail.  I 

Firstly,  the  motors  usually  drive  the  axles  through  gearing,)  and 
must  be  located  under  the  car,  thereby  necessitating  a  completely  pro- 
tected design. 

Secondly,  the  motors  must  be  capable  of  running  under  adverse 

*  In  non-commutating^pole  traction  motors  the  field  ampere-turns  at  the 
rated  load  are  from  two  to  three  times  greater  than  the  armature  ampere-turns, 
whereas,  in  stationary  motors,  values  between  1*6  to  1*76  are  usually  adopted. 

t  These  considerations  refer  to  the  type  of  motor  suitable  for  tramway  and 
suburban  railway  service  and  also  for  slow  and  moderate  speed  locomotive  service. 

As  many  features  in  the  design  and  construction  of  tramway  and  railway  motors 
are  similar,  it  has  been  considered  desirable  to  discuss  them  together. 

X  The  object  of  the  gear  drive  is  to  enable  a  motor  of  light  weight  and  small 
overall  dimensions  to  be  used.  Thus,  a  geared  motor,  rated  at  170  H.P.,  600  volts, 
660  r.p.m.,  weighs  6160  lb.,  and  can  be  used  with  36-in.  wheels ;  while  a  gearless 
motor  (i.e.  one  with  the  armature  direct  on  the  axle)  of  similar  output — 170  H.P., 
560  volts,  190  r.p.m. — ^weighs  12,000  lb.  and  requires  wheels  of  a  minimum  diameter 
of  42  in. 
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conditions  [e.g.  with  unequal  air-gaps  between  armature  and  pole- 
pieces,  due  to  wear  oi  bearings)  for  lengthy  periods  without  overhauling. 

Thirdly,  the  motors  must  operate  satiBiactorily  in  either  direction 
of  rotation  without  adjustment  of  the  brush  gear. 

Fourthly,  the  rotating  elements  must  be  designed  to  withstand  the 
centrifugal  forces  corresponding  to  the  maximum  speed  of  the  train  or  car. 

Fifthly,  motors  for  use  on  motor-coach  trains  and  tramcars  should 
be  designed  for  light  weight. 


box-frame  of  preeaed  steel. 
INOTK.— His  two  1ulv«i  of  th<  fnme  an  pTcued  troai  plilc  of  light  Kctlou.  They 
UTS  uranged  wltb  a  Ushtij  fllUng  aver1*pplpg  Joint,  ind  an  bolted  anil 
riieled  toapraued  >t«el  yoke  (otUgh-permBabJKtyateel),  nblch  rnrnii  the 
priofltpal  magnellc  portion  ot  the  frame.  The  aile  capa,  aile  gnaid,  coni- 
innUtor  cover,  and  laipeDiiun  bar  &Ik  conalit  ol  preaaed  ateel.  The 
motor  Mliutnited  la  rated  at:  ts  K.V.,  noo  vulta,  660  r.p.m.,  and  welehi 
21UD  lb.,  the  weight  beli«  6311  lb.  lighter  tbau  that  of  a  raolor,  of  ilmllar 
rating,  with  a  caat-atee]  frame.] 

The  electrical  design  of  the  motors,  therefore,  involves  the  use  of 
a  two-circuit  winding  on  the  armature  *  and  the  brushes  fixed  in  the 
geometrical  neutral  position.  In  order  to  obtain  good  commutation 
with  the  brushes  in  this  position,  it  is  necessary  either  to  design  the 
machine  with  a  relatively  strong  field  (i.e.  a  saturated  magnetic  circuit) 

*  Fur  a  full  discussloa  ua  the  characteristics  and  properties  of  tvro-circuit 
windingB,  the  student  is  referred  to  Armature  Windinga  {Hobart  &  Ellis),  and  The 
Dj/namo,  vol.  I  (Hawkins  &  Wallis).     (Published  by  Whittakcr  &  Co.) 

The  properties  of  the  winding,  which  render  it  valuable  for  traction  motora,  arc  : 
(1)  the  electrical  balance  of  the  two  circuited  even  with  unbalanced  magnetic  cir- 
cuits 1   (3)  multipolar  machines  can  be  operated  with  only  two  sots  of  brushes. 
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and  a  weak  itrmature,  or  to  adopt  normal  values  for  these  quantities 
and  fit  commutating  poles.  The  latter  expedient  is  usually  adopted 
in  modem  motors,  as  machines  with  commutating  poles  have  several 
advantages  over  mocMnes  without  this  feature,  but  we  must  defer  the 
discussion  of  this  point  until  later. 

It  is  standard  practice  to  adopt  four  poles  on  all  geared  tramway 
and  railway  motors,  and,  with  a  two-circuit  winding,  the  motors  can  be 
operated  satisfactorily  with  only  two  sets  of  brushes,  which  can  be  located 


in  a  position  accessible  from  the  oar  floor.  On  the  other  hand,  if  four 
sets  of  brushes  were  used  it  would  be  necessary  to  run  the  car  over  an 
inspection  pit  to  inspect  or  renew  any  brushes  in  the  lower  sets. 

The  mecluuiical  requiremeilts  are  satisfied  by  excluding  cast  iron 
from  the  construction  of  the  motors  and  using  cast  steel  or  malleable 
iron  in  its  place.  Thus  the  frame,  frame-heads,  commutator-shell,  and 
clamping-rings  ore  of  cast  steel,*  while  the  armature  flanges  are  of 
malleable  iron  or  cast  steel. 


}  Weatiughouse  Co.  have  recently  introduced  h  40-H.P.  tramway  motor 

-'  "'  "ig.  17)  with  the  frame  and  a  number  of  mechanioal  n  -■    -      -■ ' 

For  delaila,  aae  the  £Ieclrtc  Journal  vol.  11  (IBlfj 


(illiMtrated  in  Fig.  17 )  with  the  frame  and  a  number  of  mechanioal  parts  oonstruoted 
*  '■•--•■■■  ......  .      - ■)1<),  p.  Bf 
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Two  t]rpe3  of  frames  are  in  general  U8e,  viz.  (1)  the  split-frame, 
which  is  standard  for  tramway  motors,*  and  (2)  the  box-frame,  which 
is  used  almost  exclusively  for  railway  motors.  Typical  views  of  split- 
frame  and  box-frame  motors  are  given  in  Figs.  16  to  19.  A  split- 
frame  motor  is  generally  required  for  tramway  work,  as  it  is  necessary 
to  provide  means  for  inspecting  and  changing  the  armature  or  bearings 
without  dismantling  the  motor  from  the  truck.  By  arranging  the  lower 
half  of  the  frame  to  open  downwards,  as  shown  in  Fig.  20,  the  armature 
can  be  handled  in  an  inspection  pit.  The  armatures  of  railway  motors, 
however,  are  too  heavy  to  be  handled  in  this  manner,  and  there  is,  there- 
fore, no  advantage  in  a  split-frame  ;  in  fact,  a  split-frame  is  a  disadvan- 
tage, since,  for  equal  strength,  it  is  heavier  and  less  rigid  than  a  box- 
frame,  and  is  difficult  to  keep  oil-tight  at  the  joint  near  the  axle  bearings. 
The  only  occasion  in  railway  motors  where  a  split-frame  may  be  neces- 
sary is  for  the  "  gearless  "  motor,  in  which  the  armature  is  mounted 
directly  on  the  axle. 

With  a  fifeared  motor,  the  centre-line  of  the  armature  must  be  main- 
tained parallel  to,  and  at  a  fixed  distance  from,  the  axle  of  the  driving 
wheels.  This  is  accomplished  by  supporting  one  side  of  the  frame  on 
the  axle.  Two  axle  bearings  are,  therefore,  required  on  the  frame,  as 
shown  in  Figs.  15  to  19.  The  other  side  of  the  frame  is  supported  from 
the  truck,  either  by  a  *'  nose  "  on  the  frame  resting  on  a  bracket  at- 
tached to  the  transom  t  (s?e  Fig.  280,  p.  334)  of  the  truck,  or  by  a  trans- 
verse bar  (bolted  to  the  frame)  carried  on  springs  from  the  side  frames 
of  the  truck,  as  shown  in  Fig.  21.  The  former  method— called  ''nose 
suspension" — is  adopted  with  railway  motors  (from  76  H.P.  upwards), 
and  the  latter  method  -called  "  bar  suspension  " — with  tramway  motors. 

The  armature  bearings  are  located  m  frame-heads  or  housings  which, 
in  split-frame  motors,  are  carried  in  cylindrical  seats  between  the  two 
halves  of  the  frame,  and  in  box-frame  motors  are  bolted  to  recesses 
in  the  ends  of  the  frame.  The  lubrication  of  the  armature  and  axle 
bearings  is  generally  on  the  pad  principle,  using  wool- waste  saturated 
with  oil,  although  in  some  motors  oil-rings  are  used  for  the  armature 
bearings.  In  railway  motors  the  armature  bearings  are  countersunk 
into  the  commutator  and  the  back-end  armature  flange,  since  by  this 
construction  the  limited  space  between  the  wheels  is  utilised  to  the  best 
advantage  for  electrical  purposes  (see  Fig.  22). 

The  usual  method  of  transmitting  the  power  from  the  motor  to 

the  axle  is  through  single-reduction  spur  gearing,  the  gear  ratio  being 
generally  limited  to  a  maximum  value  of  5: 1.  A  single  set  of  gearing 
is  adopted  for  motors  up  to  about  260  H.P.,  but  where  larger  motors  are 
used  on  electric  locomotives  it  is  usual  to  fit  twin-gears  (see  Fig.  310, 
Chapter  XVII,  p.  377). 

The  pinion  is  usually  of  forged  steel,  with  or  without  heat  treatment, 
and  if«  fitted  to  a  taper  on  the  armature  shaft.  The  A^dth  of  face  varies 
from  4J  in.  to  6  in.,  and  the  tooth  pitch  varies  from  3  to  If  (diametrical). 

The  gear-wheel  may  be  of  cast  steel  (in  which  case  either  a  split  or 
a  solid  type  can  be  used),  or  of  forged  steel,  heat  treated ;  but  in  the 

*  The  box-frame  has  recently  been  introduced  for  tramway  motors,  the  intro- 
duction being  due  to  the  increased  reliability  of  modem  commutating-pole  motors 
and  the  improved  methods  of  lubricating  the  armatiire  bearings. 

t  The  J^ransom  is  the  cross  member  of  the  truck  from  which  the  bolster  is  sup- 
ported (see  p.  313). 
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latter  case  only  the  solid  type  is  available.  The  solid  type  of  gear  is  now 
supersedinfi;  the  split  type,  a^  the  increased  life  of  heat-treated  gears 
(compared  with  cast-steel  gears),  combined  with  the  better  mechanical 


FlO.  22. — Longitudinal  Bection  of  Rulway  Motor. 

construction  of  the  soUd  gear,  more  than  compensate  for  the  difficulties 
connected  with  the  fixing  and  removing  of  this  type  of  gear. 

During  recent  years  the  manufacture  of  gearing  for  traction  service 


Vio.  23. — Gears  and  Pinions  for  Tramwajr  Service  (left) ;  Heavy  Suburban 
Railway  Service  (centre) ;  and  Light  Railway  Interurban  Service  (right). 
(Tool  Steel  Gear  and  Pinion  Co.), 

has  received  considerable  attention,  and,  in  consequence,  gearing  of 
high  quality  and  long  life  is  now  obtainable.  The  principal  feature  in 
the  manufacture  of  modem  gearing  is  the  process  of  heat  treatment 
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to  which  the  gears  and  pinions  are  subjected  in  order  to  obtain  teeth 
with  a  hard  surface  and  a  tough  centre.  With  some  processes,  a  surface 
of  exceptionally  hard  tool-steel  is  obtained,  having  a  thickness  of  from 
^  in.  to  y'^  in.  The  heat  treatment  is,  of  course,  given  after  the  machining 
operations  liave  been  completed. 

The  advantages  of  heat  treatment,  in  connection  with  gearing,  will 
be  apparent  from  an  examination  of  Table  VI,  in  which  the  properties 
of  gearing,  with  and  without  heat  treatment,  are  compared. 

In  Fig.  23  are  shown  typical  gears  and  pinions  (manufactured  by  the 
Tool  Steel  Gear  and  Pinion  Co.,  Cincinnati}  for  tramway  and  railway 
service.  It  will  be  observed  that  all  the  gears  are  of  the  solid  type. 
The  process  of  manufacture  is  such  that  the  teeth  have  a  hard  tool-steel 
surface  and  a  toughened  centre. 

The  gearing  in  the  centre  of  the  illustration  is  of  interest,  as  it  refers 
to  the  gears  and  pinions  which  are  in  service  on  the  suburban  lines  of 
the  London  and  Souti -Western  Railway.  The  gear  has  a  pitch-cirele 
diameter  of  SO-S  in.,  a  face  of  7'5  in,,  and  weighs  565  lb.  The  pinion 
has  a  pitch-circle  diameter  of  10-8  in.,  and  weighs  113  lb. 

The  gfear  case  is  either  of  malleable  iron  or  of  pressed  steel,  and  is 
bolted  to  lugs  on  the  frame  of  the  motor,  as  shown  in  Figs.  15  and  IS. 

Since  the  location  of  the  motors  under  the  car  necessitates  a  com- 
pletely protected  construction,  we  should  expect  the  machines  to  have 
somewhat  poor  thermal  charaeteristics.    By  suitable  design,  however, 
it  is  possible  to  obtain  a  self-ventUated  mackine,*  having  fairly  good 
thermal  characteristics,  without  departing  from  the  completely  protected 
construction.    The 
Tentilation  is  ef- 
fected by  means  of 
a  fan  at  the  back 
of   the    armature, 
in  conj  unction  with 
longitudinal    ven- 
tilating   ducts    in 
the     commutator 
and  armature  core. 
The  air  may  be 
cironlated  through 
the  motor  by  the 
series   S3'stem,   or 
by    the     panJlel 

system-t     A  dia-  0 

gram,  showing  the 
series  system  of 
ventilation  applied 
to  a  tramway  motor,  is  given  in  Fig,  24.  In  this  system  the  air  enters 
the  motor  through  a  screened  hood  /  at  the  top  of  the  frame  (pinion 
end) ;   it  passes  over  the  surface  of  the  armature  and  field  coils,  then 


-jr-.   —  — J   B  addition  at  forced 

ventilation  uom  an  external  blower. 

t  For  a  complete  diBcusaion  on  the  systems  of  ventilation  tor  traotion  motori 
Bee  Tht  Eletlric  JoiimtU,  vol.  13  (1015).  p.  204  ;  article  by  Mr.  R.  E.  Hellmund  on 
"  Railway  Motor  Ventilation." 
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through  the  loi^itudinal  ventilating  ducts  in  the  commutator  and  the 
armature  core,  and  is  finally  expelled  through  the  fan  F  and  the 
openings  0  in  the  pinion-end  frame-head.  A  bafile  plate  B  separates 
the  space  around  the  fan  from  the  Etrmature  and  field  coils,  and  ensures 
the  circulation  of  the  air  in  the  manner  described. 

This  method  of  ventilation  has  been  applied  by  the  British  Thomson- 
HouBton  Co.,  the  General  Electric  Co.,  and  the  Westinghouse  Companies 
to  tramway  and  railway  motors.  Fig.  25  illustrates  a  B.T.-H.  type 
GE  235  railway  motor  in  which  this  method  of  ventilation  is  adopted. 
The  hooded  inlet  and  the  outlets  can  be  clearly  seen.  The  fan  and  the 
pinion-end  frame-head  are  designed  so  that  a  bafRe  plate  is  unnecessary. 

The  armature  winding  is  exclusively  of  the  two-circuit  variety,  and 
the  coils  are  located  in  open  slots  in  the  puncbings.    The  number  of 


turns  per  coil  will,  of  course,  vary  with  the  size  of  the  motor.  For 
tramway  motors  up  to  60  H.P,,  from  two  to  six  turns  per  coil  are  used, 
according  to  the  speed  required  ;  but  for  railway  motors,  from  75  H.P. 
upwards,  it  is  generally  only  possible  to  use  one  turn  per  coil.  Where 
one  or  two  turns  per  coil  are  adopted,  the  conductors  consist  of  rect- 
angular copper  bar  (in  order  to  obtain  a  high  space  factor  in  the  slot), 
and  in  these  cases  the  insulation  consists  principally  of  mica. 

The  number  of  coils  per  slot  is  usually  either  three  or  five,  although, 
in  some  cases,  four  coils  per  slot  are  used  ;  but  this  number,  in  a  four- 
pole  machine,  requires  a  dead-coil.*  When  five  coils  per  slot  are  adopted 
in  large  rulway  motors,  the  slots  become  fairly  wide,  and,  at  high  flux 
densities  In  the  air-gap  and  armature  teeth,  eddy-currents  may  be  gener- 
ated in  the  conductors.     Some  manufacturers  provide  against  this  by 

*  This  is  one  of  the  peculiarities  of  the  two-circuit  winding,  and  iB  diecuesed 
fully  in  tha  worka  previously  mentioned.  In  four-pole  machinos.  the  number  of 
ooilfl  per  slot  xae-y  be  1,  3,  S,  T.  &c.,  for  aymmetricol  windinge  ;  but  if  2.  t,  0,  S,  &c. 
aM  uaod,  then  were  will  be  one  dead-ooil  in  the  winding. 
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splitting  the  elot  portion  of  the  conductor  and  introducing  a  double  twist 
or  cross-over,  as  represented  in  Fig,  26. 

The  end  connections  of  the  coils  are  usually  protected  from  dust 
and  oil  by  hoods  or  coverings  of  canvas,  which  are  bound  into  place 


Fir.  26. — Diagram  of  Double  Croag-over  i 


CHloi'  Mlc& 
1  Armature  Bar. 


after  the  winding  ha^  been  completed.    These  coverings  can  be  seen 
in  the  view  of  a  completed  annature  in  Fig.  27. 

On  account  of  the  high  peripheral  speeds  (approaching  in  some  cases 
8000  ft.  per  min.)  and  the  large  centrifugal  forces  to  which  the  armature 
winding  of  a  railway  motor  is  liable  to  be  subjected,  the  binding  bands 
are  an  important  item  in  the  design  of  the  armature. 

The  commutator  for  a  tramway  motor  is  similar  in  construction  to 
that  for  a  stationary  motor,  i.e.  the  back  V-ring  is  solid  with  the  shell, 
and  the  front  V-ring  is  held  in  position  by  a  recessed  ring  nut.  With 
railway  motors,  however,  the  commutator  must  be  designed  to  accommo- 
date the  internal  projecting  portion  of  the  frame-head  carrying  the  com- 
mutator-end armature  bearing  and  special  precautions  must  be  taken  to 
prevent  o  1  from  reachmg  the  interior.  The  shell  and  front  V-ring  are 
therefore  combmed  wlule  the  back  V-ring  is  held  in  position  by  bolts,  as 

shown  in  Fig.  22, 
The  mica  between 
the  segments  is  re- 
cessed to  a  depth  of 
^  in.  in  order  to 
ehminat«  commu- 
tation troubles  due 
to  "  high  mica." 

In  modem  trac- 
tion motors  the 
bmsh-holderB  are 
fixed  to  mica -in- 
sulated supports 
which  are  bolted  to 
machined  seats  on  the  frame.  The  brush-holders  are  arranged  for  radial 
adjustment  and  also  means  for  adjusting  the  brush  pressure. 

The  bmsh  pressure  required  for  a  traction  motor  will  be  greater 
than  that  necessary  for  stationary  motors,  on  account  of  the  increased 
vibration.  For  motors  operating  at  low  speeds,  over  good  track,  a  brush 
pressure  of  from  2  to  3  lb.  per  sq.  in.  is  satisfactory,  but  for  high  speeds 
the  pressure  must  be  increased  t^  about  5  lb.  per  sq.  in. 

The  main  poles  are  built  of  soft  steel  lanunations,  but  the  commn- 
tating  poles  are  sohd  steel  forgings. 

In  tramway  motors  the  flud  COils  for  the  main  and  commutating 
poles  are  former  wound,  the  conductor  consisting  either  of  rectangular 
wire,  insulated  with  asbestos  and  cotton  coverings,  or  of  flat  copper 


Fio.  27. — Armature  of  Self -ventilated  Railway  Motor. 
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strip  insulated  between  turns  with  asbestos  tape.  The  coils  are  gener- 
ally "  mummiiied  " — that  is,  impregnated  with  a  bitumen  compound — 
in  order  to  obtain  a  coil  of  good  thermal  characteristics,  combined  with 
non- hygroscopic  properties. 

In  railway  motors,  on  account  of  the  larger  weight  of  copper  in  the 
field  coils  and  the  smaller  length  available  for  the  winding,  the  main 
field  coils  are,  in  some  motors,  wound  on  a  spool  body  of  cast  brass. 
A  strip  conductor  is  used,  insulated  between  turns  with  asbestos  tape, 
and  from  the  spool  body  with  mica.    The  commutating  field  coils  are 
former  wound  in  the   same   manner   as   those   tor   tramway   motors. 
An  interior  view  of  a 
modem  Westinghouse 
railway  motor  is  shown 
in  Fig.  28,  and  it  will 
be   obeerred  that,  in 
this  motor,  the  main 
field  coils,  as  well  as 
the  commutating  field 
coils  ^reformer  wound. 
The  armature  for  this 
motor    is    shown    in 
Fig.  27. 

Although  the  above 
description  and  illus- 
trations refer  to  stan- 
dard 600-volt  motors,     ^^  28.— 
the  frame,  poles,  ar- 
mature core,  and  me- 
chanical details  of  construction  may  also  be  taken  as  typical  of  high 
TOltaffe  motors,  the  constructional  differences  being  in  the  commutator, 
brash  gear,  armature,  and  field  windings.    The  insulation  at  these  parte 
must  be  increased  and  additional  leakage  surface  provided  at  the  coin- 
mutator  and  brash  gear,  while  it  is  also  desirable  to  insulate  the  interior 
of  the  frame  in  the  vicmity  of  the  commutator.    The  number  of  eegmente 
in  the  commutator  must  be  increased  in  order  to  obtain  a  suitable  value 
for  the  average  voltage  per  segment  and  to  reduce  the  hability  to  flash-over. 

ConuniitatliLff-pole  motors  are  ngw  largely  adopted  on  tramwaj^s 
and  railways,  aince  machines  of  this  type  have  many  advantages  over  those 
of  the  non-commuteting-pole  type.  Firstly,  sparkmg  at  the  brushes 
is  practically  ehminated  at  all  loads  and  speeds,  thereby  enabUng  a 
soft  brush  (of  low  contact  resistance)  to  be  used  on  grooved  commutators. 
Under  these  conditions  the  wear  of  the  commutator  and  brushes  will 
be  considerably  less  than  that  in  ordinary  machines,  while  the  losses  at 
the  commutator  will  also  be  lower. 

Secondly,  in  the  oommutating-pole  design,  a  lower  ratio  of  the  field 
ampere-turns  to  the  armature  ampere-turns  can  be  adopted  than  in  the 
ordinary  design,  and,  as  a  consequence,  the  motor  can  be  built  for  a  lower 
flux  and  an  increased  armature  strength,  although  the  full  advantage 
of  the  latter  cannot  usually  be  obtained,  as  a  machine  with  high  armature 
reaction  and  weak  main  field  would  be  sensitive  to  pressure  rises  and 
interruptions  in  the  supply  circuit.  The  lower  flux  will  result  in  lower 
coi«  losses,  which,  in  combination  with  the  lower  commutator  losses, 
will  lead  to  an  improvement  in  the  efBoiency  and  heating. 
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Thirdly,  a  range  of  economical  running  speeds  is  possible  by  "  tap 
field  "  control  * — ^that  is,  tappings  are  brought  out  at  various  points 
in  the  field  winding,  by  means  of  which  different  field  strengths  can  be 
obtained  for  a  given  armature  current.  This  method  of  control  will 
therefore  result  in  a  lower  energy  consumption.! 

Fourthly,  since  perfect  commutation  is  obtained,  the  average  voltage 
between  commutator  segments  may  be  higher  than  that  in  machines  of 
the  non-commutating-pole  type,  and,  in  consequence,  the  motors  can 
be  built  for  higher  voltages.  Railway  motors  are  now  operating  at 
voltages  of  1200,  1600,  and  1876  volts  on  a  single  motor,  and  two  motors 
in  series  on  circuits  of  2400,  3000,  and  3750  volts.  In  fact,  the  develop- 
ment of  high-voltage  continuous-current  traction  has  only  been  made 
possible  by  the  commutating-pole  traction  motor. 

Fifthly,  the  tendency  to  "  flajsh-over  "  is  much  less  in  a  commutating- 
p  ole  traction  motor  than  in  a  non-commutating-pole  machine,  although, 

as  already  stated,  the  ar- 
mature reaction  in  the 
former  machine  is  usually 
higher  than  that  in  the 
latter.  The  effect  of  the 
commutatingpoleoncom- 
mutation  is  shown  in  Fig. 
29,  which  should  be  com- 
pared with  Figs.  13,  14. 
when  it  will  be  observed 
that  the  voltage  between 
the  segments  in  the  im- 
mediate vicinity  of  the 
brushes  has  been  reduced. 
Although  the  com- 
mutating  -  pole  traction 
motor  is  designed  with  a 
lower  flux,  and,  therefore, 
less  field  turns  than  the  non-commutating-pole  motor,  the  impedance  will 
probably  be  greater  than  that  of  the  latter  m€w;hine  on  account  of  the 
commutating  field  coils.  The  current-nish,  corresponding  to  a  given 
pressure-rise  or  interruption  of  the  supply,  will,  therefore,  be  lower, 
while  the  commutation  will  be  better,  so  that  the  tendency  to  flash-over 
will  be  less.  Generally,  it  will  be  found  that  the  commutating-pole 
motor  wiU  have  a  flash-over  voltage  of  from  25  to  30  per  cent,  greater 
than  that  of  the  non-commutating-pole  machine. 
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Fio.  29«^-Di8tribution  of  Potential  around  Com- 
mutator of  Gommutatmg-pole  Traction  Motor. 


Rating 

On  account  of  the  variable  nature  of  the  load  on  motors  operating 
on  tramways  and  suburban  railways,  they  cannot  be  rated  on  a 
continuous  basis  in  the  same  manner  as  stationary  motors,  and  con- 
sequently the  temperature  rating  is  arbitrarily  based  on  the  one-hour 

*  A  similar  result  would  be  obtained  by  shunting  the  field  coils,  but  for  traction 
work  the  shunt  would  require  to  be  of  the  inductive  type,  as  a  non-inductive  shunt 
would  take  practically  all  the  current  on  a  sudden  increase  in  the  load. 

t  A  full  discussion  of  this  method  of  control  is  given  in  Chapter  \TII,  and 
calculations  of  energy  consumption  are  given  in  Chapter  XIX. 
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load,*  which  will  produce  a  temperature  rise  of  75°  C.  (by  thermometer) 
when  the  motor  is  tested  on  a  stand,  f 

This  method  of  rating  traction  motors  was  introduced  in  the  stan- 
dardisation rules  of  the  American  Institute  of  Electrical  Engineers  in 
19024  and  has  been  adopted  by  the  principal  manufacturers  of  traction 
equipment. 

Although  these  tests  do  not  give  any  indication  of  the  temperature 
rise  in  service,  they  are  sufficiently  severe  to  ensure  reliability  in  the 
operation  of  the  motor  under  service  conditions. 

The  temperature  rise  in  service  will  naturally  be  influenced  by  the 
design  of  the  motor,  and  will  also  depend  on  the  class  of  service  and 
the  duration  of  the  lay-over  periods.  For  urban  and  suburban  service, 
with  short  lay-over  periods,  the  temperature  rise  of  a  non-ventilated 
motor,  at  the  end  of  a  day's  running,  will  generally  be  about  50°  to  60°  C, 
if  the  accelerating  current  corresponds  to  tlxe  rated  load  of  the  motor.§ 
The  temperature  rise  of  a  ventilated  motor  under  similar  conditions  will 
be  lower  than  this,  on  account  of  the  better  ventilation  at  free  running 
speeds  and  the  efficient  cooling  which  takes  place  during  coasting. 

Effect  of  commutating  poles  and  ventilation  on  rating.— Since 

the  output  of  a  commutating  machine  is  limited  by  (1)  sparking  and 
(2)  heating,  it  will  be  apparent  that  if  these  limits  are  both  reached  at 
the  rated  load,  the  addition  of  commutating  poles  to  the  machine  will 
require  a  redistribution  of  the  copper  in  order  to  obtain  an  incieajsed 
output ;  and,  even  under  these  conditions,  the  output  will  be  limited 
by  heating  rather  than  commutation.  Hence,  the  self -ventilated  traction 
motor  was  the  natural  sequence  to  the  commutating-pole  motor,  in  order 
that  the  full  advantage  of  the  commutating  poles  might  be  obtained. 
The  increased  rating  of  the  modem  motors  enables  a  motor  of  large 
output  to  be  used  on  motor-coach  trains  (where  usually  the  size  of  the 
motor  is  limited  by  the  diameter  of  the  wheels).  Thus,  we  now  find 
sjelf-ventilated  motors,  ratted  at  260  H.P.  and  275  H.P.,  installed  on 
motor-coaches,  while,  with  the  older  motors,  the  output  was  limited  to 
about  200  H.P. 

For  locomotives,  however,  the  forced  ventilated  motor  is  preferable, 
since,  by  the  use  of  an  external  blower,  the  quantity  of  cooling  air  can 
be  adjusted  to  suit  the  conditions.  Moreover,  a  machine  specially 
designed  for  supplying  an  air-blast  will,  obviously,  be  more  efficient  in 
its  operation  than  a  fan  fitted-  to  the  armature  of  the  motor.  The 
blower  is  usually  driven  by  a  small  motor,  and  generally  supplies  air 
to  all  the  motors  on  the  locomotive.  This  method  of  ventilation  would 
not  be  desirable  with  motor-coach  trains,  since  a  motor-driven  blower, 
air-ducts,  &c.,  would  be  required  for  each  motor-coach,  thereby  in- 
creasing the  train  weight  and  forming  an  item  in  the  maintenance  charges 
which  is  unwarranted  for  suburban  traffic. 

*  Motors  for  operating  on  long-distance  railways,  where  the  free  running  con- 
ditions represent  pra.cticaily  a  steady  load,  will  obviously  be  rated  on  a  different 
basis. 

t  See  Chapter  VII  for  details  of  this  test. 

X  See  Transactiona  of  American  Institute  of  Electrical  Engineers,  vol.  19,  p.  1803. 
The  rules  were  revised  in  1914  and  1915  (see  Proceedings,  vol.  33,  p.  1281,  and 
voL  34,  p.  1935),  and  the  section  relating  to  railway  apparatus  is  given  in 
Appendix  II. 

§  The  methods  of  estimating  the  temperature  rise  in  service  from  factory  tests 
•are  discussed  in  Chapter  VII. 
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Motors  for  operating  on  high  vintage  circuits  require  larger 

leakage  surfaces  at  the  commutator  and  brush  gear  in  addition  to  extra 
insulation  on  the  armature  and  field  coils.  This  extra  insulation,  com- 
bined with  the  smaller  size  of  conductor,  will  give  a  lower  space-factor 
in  the  armature  and  field  coils,  so  that  the  rating  of  a  given  frame, 
when  wound  for  high  voltage,  will  be  lower  than  that  of  the  same  frame 
when  wound  for,  say,  600  volts.  Generally  a  10  per  cent,  to  a  15  per 
cent,  reduction  in  the  600-volt  rating  will  be  necessary  when  the  motor 
is  wound  for  1200  volts. 

Method  of  obtaining  several  ratings  from  a  given  frame.— In 

tramway  motors  it  is  possible  to  obtain  several  ratings  from  a  given  size 
of  frame  hy  varying  the  number  of  turns  in  the  armature  coils }  the  number 
of  slots,  number  of  commutator  segments,  dimensions  of  armature  core, 
commutator,  poles,  &c.,  being  constant,  while  the  number  of  turns  and 
size  of  conductor  on  the  field  coils  varies  with  the  rating.  For  example, 
a  certain  motor  with  6  turns  per  armature  coil  and  175*5  turns  per  field 
coil  is  rated  at  28  H.P.,  500  volts,  350  r.p.m.,  53  amps.;  with  4  turns 
per  armature  coil  and  144*5  turns  per  field  coil,  the  rating  is  37  H.P., 
500  volts,  500  r.p.m.,  68  amps.  An  intermediate  rating  could  be  ob- 
tained by  using  5  turns  per  armature  coil,  and  a  higher  rating  (about 
44  H.P.,  670  r.p.m.)  by  using  3  turns  per  armature  coil,  but  the  latter 
rating  would  probably  require  a  re-design  of  the  armature  core  and 
commutator.  The  weight  of  the  motor  is  substantially  the  same  for 
each  rating,  while  the  weight  per  H.P.  decreases  as  the  rating  increases, 
so  that  at  the  high-speed  rating  the  machine  could  be  called  a  "light- 
weight*' motor.  These  light-weight,  high-speed  motors  are  suitable 
fon  operating  on  certain  high-speed  services,  but  are  not  suitable  for  con- 
gested city  traffic,  since  not  only  would  the  energy  consumption  be 
excessive  under  these  conditions,  but  the  gear  ratio  required  for  the 
latter  class  of  service  would  be  larger  than  that  which  could  be  accom- 
modated in  a  standard  gear-case. 

In  addition  to  these  service  limitations,  there  are  other  limitations 
in  the  design  of  the  motor  which  prevent  a  too  general  application  of 
this  principle.  Firstly,  since  roimd  wire  is  generally  used  for  these 
armatures,  the  slots  for  the  various  ratings  will  differ  in  size.  Secondly, 
the  brush  gear  and  commutator  must  be  designed  for  the  maximum 
rating.  Thardly,  if  we  assume  the  flux  to  be  constant  *  at  the  various 
ratings,  then  the  core  loss  will  increase  as  the  rated  speed  increases, 
and  since  only  a  certain  number  of  watts  can  be  dissipated  by  the  frame, 
either  the  armature  copper  loss  must  be  reduced  or  a  special  armature 
core  used.  Generally,  the  ampere-conductors  on  the  armature  at  the 
rated  load  will  have  to  be  decreased  as  the  rated  speed  is  increased,  and 
consequently  the  torque  at  rated  load  will  decrease  as  the  rating  increases. 

A  self-ventilated  motor  will  be  able  to  dissipate  a  greater  loss  at 
the  higher  speeds,  and  hence  the  rating  will  increase  at  a  greater  rate 
than  that  of  a  non-ventilated  motor,  but  the  service  limitations  will 
influence  both  machines  to  practically  the  same  degree. 

Effect  of  the  wheel  diameter  and  gauge  on  the  rating.— It  is 

apparent  that  with  the  usual  method  of  mounting  motors  on  tramcars 
and  motor-coaches,  the  size  of  the  motor,  and  therefore  the  rating,  is 

*  The  flux  at  the  lower  ratings  will  have  to  be  decreased  slightly  on  account 
of  the  lower  space- fcu^tor  of  the  field  winding. 
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limited  by  (1)  the  diameter  of  the  driving  wheels,  (2)  the  gauge  of  the 
track.  The  maximum  vertical  dimension  of  the  motor,  and  also  that 
of  the  gear-case,  is  fixed  by  (a)  the  clearance  between  the  bottom  of  these 
parts  and  the  road  surface,  and  (b)  the  clearance  between  the  top  of  the 
motor  (with  gear-case)  and  the  underside  of  the  car  floor.  With  a  given 
size  of  frame  these  clearances  will  decide  the  diameter  of  the  driving 
wheels,  the  standard  size  of  which,  on  tramcars,  is  usually  30  in.  in  this 
country,  and  33  in.  in  America.  In  obtaining  the  clearance  between 
the  bottom  of  the  motor  and  the  road  surface,  due  allowance  must  be 
made  for  the  wear  of  the  wheel  tyres.  This  has  to  be  carefully  considered 
with  the  large  motors  adopted  on  some  tramways,  and  in  some  instances 
the  diameter  of  the  wheels  must  be  increased  to  obtain  the  full  life  from 


2500    to     1O0  SO 


FiQ.  30. — Characteristic  Curves  of  40  HJ*.,  500  volt,  500  r.p.nj.  Commu- 
tating-pole  Tramway  Motor  (30-in.  wheels,  4*73  : 1  gear  ratio). 


tyres.  Thus,  with  the  Westinghouse  No.  220  (42  H.P.)  motor  (which 
is  largely  used  on  the  L.C.C.  tramway  system),  the  bottom  clearance 
with  &-iri.  wheels  is  2  in.,  which  does  not  allow  the  full  life  to  be  obtained 
from  the  t3rres ;  hence  it  is  desirable  to  adopt  larger  wheels  having  a 
diameter  of  at  leiBist  31|  in.  when  new  (see  Fig.  21). 

On  the  electrified  lines  of  our  suburban  railways,  where  motor- 
coaches  are  used  with  standard  rolling  stock,  the  wheel  diameter  is 
usually  about  42  in.  to  43  in.,  and  this  diameter  does  not  present  a 
limiting  feature  in  continuous-current  equipments,  since  a  motor  rated 
at  about  300  H.P.  could  be  accommodated.  The  wheel  problem  on  the 
underground  and  tube  railways  is  very  different,  as  it  is  necessary  to 
adopt  small  wheels  on  account  of  the  limited  headroom.  On  the 
(London)  District  and  Metropolitan  Railways,  36-in.  wheels  are  used  on 
the  motor-coaches  with  230  H.P.  motors,  the  clearance  between  motor 
and  top  of  track  rails  being  4}  in.,  and  that  between  the  motor  and  nega- 
tive (central)  conductor  rail  being  3  in.    The  same  size  of  wheel  and  motor 
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is  used  on  a  large  number  of  the  tube  railways,  but  in  this  case  it  has  been 
necessary  to  raise  the  floor  above  the  motor  trucks. 

The  effect  of  wheel  diameter  on  the  motor  rating  is  shown  in  a  striking 
manner  in  the  special  motors  developed  for  the  low  floor  centre-entrance 
cars  which  have  been  introduced  on  some  American  tramways.*  In 
some  cases  the  top  of  the  car  floor  is  only  30  in.  above  the  rails,  and 
special  two-motor  bogie  trucks  with  24-in.  wheels  have  had  to  be 
adopted.  The  use  of  these  small  wheels  required  a  special  design  of 
motor,  the  rating  of  which  is  30  H.P.,  while  that  of  a  standard  motor, 
running  at  the  same  speed  and  suitable  for  33-in.  wheels,  is  50  H.P. 


Fig.  31. — Characteristic  Curves  of  75  H.P.,  500  volt,  685  r.p.m.  Commu- 
tating-pole  Railway  Motor  desigiied  for  Tap-field  ControL  Note. — 
The  full-line  curves  refer  to  normal-field,  the  dotted  curves  refer 
to  full-field,  and  the  chain-dotted  curves  refer  to  minimum-field 
(43i-in.  wheels,  3'88  : 1  gear  ratio). 

Some  interesting  comparisons  between  these  motors  are  given  in 
Table  VII  (p.  60). 

The  gauge  of  the  track  rails  has  also  a  considerable  effect  on  the 
rating,  but  generally  its  limitations  are  only  manifested  in  tramway 
motors,  as  practically  all  railway  motors  operate  on  standard  gauge 
(4  ft.  8J  in.)  and  the  influence  of  the  gauge  on  the  design  is  not  evident 
to  the  same  degree  as  in  tramway  motors. 

Railway  motors  are  designed  so  that  the  whole  distance  between  the 
wheel  hubs  is  occupied  by  the  motor  and  gear  (see  Fig.  279,  p.  333,  and 
Fig.  310,  p.  377).  By  adopting  countersunk  bearings,  it  is  possible  to 
utilise  75  per  cent,  of  this  distance  for  the  armature  and  commutator, 
the  remaining  25  per  cent,  being  required  for  the  gear,  gear-case,  and 
frame  heads.  The  armature  diameter  can,  therefore,  be  kept  down  to 
such  dimensions  that  a  230  H.P.  motor  can  be  used  with  33-in.  wheels. 


♦  In  this  connection  see  Electric  Railway  Joumalf  vol.  46,  p.  4 ;  Electric  Journal, 
vol.  9,  p.  825,  vol.  10,  p.  1013. 
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Where  twin-gears  have  to  be  used,  the  motor  has  to  be  shortened  and 
increased  in  diameter,  so  that  larger  wheels  are  necessary  :  for  example, 
the  300  H.P.  twin-geared  motors  on  the  90-ton  locomotive  described 
in  Chapter  XVII  require  48-in.  wheels  in  order  to  obtain  the  requisite 
clearance  between  motor  and  track.  .  On  the  other  hand,  if  the  whole 
space  between  the  wheel  hubs  can  be  allotted  to  the  armature  and 
commutator — as  in  the  New  York  Central  locomotives — a  motor  of 
660  H.P.  can  be  used  with  44-in.  wheels. 

In  tramway  practice  the  motor  bearings  are  of  the  outboard  (pro- 
jecting) type,  and  the  wheels  are  standardised  to  30  in.  or  31i  in.  With 
31|-in.  wheels,  a  60  H.P.  motor  can  be  accommodated  on  standard 
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Fia.  32.— -Characteristic  Curves  of  180  H.P.,  flOO  volt,  620  r.p.m.  Railway 

Motor  (36-in.  wheels,  3*6  : 1  gear  ratio). 

gauge,  and  a  40-46  H.P.  motor  on  4-ft.  gauge.  On  3  ft.  6  in.  gauge  it 
is  possible  to  use  a  36-40  H.P.  motor  with  30-in.  wheels,  and,  in  some 
cases,  a  30-36  H.P.  motor  can  be  used  on  metre  (3  ft.  3f  in.)  gauge  ; 
but  where  the  gauge  is  below  this  {e.g.  3  ft.)  the  rating  of  the  motor  is 
Umited  to  20-26  H.P. 


Cha&aotbbistio  Curves 


Reference  has  already  been  made  to  the  dynamical  performance- 
curves  of  motors,  and  we  give  in  Figs.  30,  31,  32,  characteristic  curves 
of  typical  tramway  and  railway  motors,  showing  the  efficiency,  speed, 
and  tractive-effort  for  a  given  gear  ratio  and  diameter  of  driving  wheels. 
The  curves  have  been  plotted  in  accordance  with  the  standard  method 
adopted  for  traction  motors,  and  the  manner  in  which  the  various 
quantities  are  obtained  is  considered  in  detail  in  Chapter  VII. 
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TABLE    VII 

COMPAKISON   BETWEEN  TrAMWAY  MoTORS  FOR  33-IN.  AND 

24-iN.  Wheels. 


SUndard 

Motor  for 

33-fn.  wheels. 


Designation  of  Motor 

Rated  H.P.       . 

Weight  of  motor  (lb. ) 

Weight  of  armature  (lb.) 

Weight  per  H.P.  (lb.) 

Ratio  :  armature  diameterVsross  core  length 

Height  from  rails  to  top  otfram.e  (in.) 

Clearance  between  rails  and  bottom  of  frame  ( in. ) 

Gear  ratio  ....... 

Speed  of  armature  at  rated  load  and  500  volts  (r.p.m.) 
Speed  of  car  at  rated  load  and  500  volts  (ml.p.h.) 
Tractive-effort  at  rated  load  (lb.) 
Efficiency  at  rated  load  (including  gearing)  (per  cent.) 


SpecUtl 

Motor  for 

24-in.  wheels. 


W— 306 

50 

2400 

610 

48 

1-5 
30j 


4t 


4-6 
578 
12-38 
1500 

83-8 


CHAPTER  V 

SINGLE-PHASE  TRACTION  MOTORS 

The  development  of  single-phase  motors  for  electric  traction  has  been 
confined  almost  exclusively  to  machines  of  the  commutator  type,  as  the 
single-phase  induction  motor  is,  inherently,  incapable  of  exerting  a 
large  torque  at  starting.  Moreover,  the  latter  machine  cannot  be  readily 
adapted  for  variable  speeds,  and,  therefore,  it  is  entirely  unsuitable  for 
traction  service.*  On  the  other  hand,  the  commutator  type  of  motor 
can  be  designed  to  have  a  variable-speed  characteristic,  similar  to  that 
possessed  by  a  continuous-current  series  motor,  while  its  performance 
at  starting  is  satisfactory. 

The  types  of  alternating-current  commutator  motors  developed 
for  electric  traction  are  those  possessing  a  variable-speed  (series)  char- 
acteristic, and  include  the  compensated  (or  neutralised)  series  motor,  the 
compensated-repulsion  motor,  the  brush-shifting  repulsion  motor  (Deri 
type),  and  the  series-repulsion  or  "  doubly-fed  "  motor. f  All  these 
motors  are  characterised  by  a  laminated  field  structure  (which,  in  the 
series  motor,  may  have  salient  poles,  but  in  motors  of  the  repulsion 
type  the  polar  face  must  be  continuous)  and  an  armature  (or  rotor)  with 
a  continuous-current  winding,  commutator,  and  brushes.  This  type  of 
rotor,  with  conmiutator  and  brushes,  is  essential  for  obtaining  the 
variable-speed  characteristic,  and  the  introduction  of  these  features 
into  alternate-current  machines  is  accompanied  by  operating  con- 
ditions which  are  non-existent  with  induction  motors.  Expressed 
briefly,  these  new  conditions  involve  the  problems  of  power-factor  and 
commutation,  of  which  the  latter  is  considerably  more  complicated 
than  the  commutation  problem  in  continuous-current  machines.  The 
means  adopted  for  overcoming  these  difficulties  will  appear  in  the  fol- 
lowing discussion  of  the  principles  of  the  above  types  of  motors. 

*  The  single-phase  induction  motor  has  been  applied  to  electric  locomotives 
for  the  purpose  of  converting  single-phase  current  into  three-phase  or  continuous 
current.  In  the  former  case,  the  machine  is  provided  with  additional  windings 
and  acts  as  a  phase  converter,  supplying  three-phase  current  to  the  driving  motors 
(see  Chapter  ^VII).  In  the  latter  case,  the  motor  forms  part  of  a  motor-generator 
set,  whicn  supplies  continuous  current  to  the  driving  motors.  (See  The  Electridanf 
vol.  57,  p.  850,  for  description  of  an  experimental  locomotive  developed  on  this 
system.) 

t  Although  all  the  above  types  of  motors,  including  also  the  simple  repulsion 
motor,  are  in  service  on  the  Continent,  the  present  tendency  is  towards  the  standard- 
isation of  only  the  series  and  the  series-repulsion  types.  (See  article  on  **  Electri- 
fication of  Trunk  Linee  in  Europe,'*  R.  E.  Hellmund,  The  Electric  Journal,  vol.  10. 
p.  984.) 
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The  Altbrnatinq-cttbbbnt  Sebies  Motor 

Consider  a  series  motor  with  a  laminated  magnetic  circuit.  If  this 
motor  is  supplied  with  alternating  current  at  low  periodicity,  the  machine 
will  be  found  to  possess  operating  characteristics  (neglecting  commuta- 
tion) similar  to  those  of  a  continuous-current  series  motor,*  the  speed 
varying  with  the  torque  and  the  applied  voltage  in  practically  the  same 
manner  as  if  the  motor  were  running  with  continuous  current.  The 
power-factor,  however,  will  be  very  low,  on  account  of  the  self-induction 
of  the  armature  and  field  circuits. 

The  effect  of  the  inductance  of  the  motor  on  the  power-factor  is 
shown  in  the  vector  diagram  of  Fig.  33,  in  which  01  represents  the 
current,  OV  the  terminal  voltage,  and  <^  the  phase  displacement  between 


Fia.  33. 


these  quantities.  The  terminal  voltage  OV  must  be  equal  and  opposite 
to  the  internal  voltage  of  the  motor :  the  latter  is  equal  to  the  vector 
sum  of  (1)  the  E.M.F.  generated  in  the  armature  by  its  rotation  in  the 
main  field,  and  (2)  the  E.M.Fs.  due  to  inductance  and  resistance  in  the 
armature  and  field  circuits.  If  we  assume  that  the  flux  (OF)  is  in  phase 
with  the  current,  then  the  counter-E.M.F.  generated  in  the  armature  can 
be  represented  by  Oa — ^in  phase  opposition  to  OY — ^while  the  E.M.Fs. 
due  to  resistance  and  inductance  will  be,  respectively,  in  phase  with  Oa 
and  at  right  angles  thereto.  These  various  E.M.Fs.  are  represented 
by  6c,  de  (the  resistance  drop  in  the  armature  and  field  circuits  respec- 
tively), and  ah,  cd  (the  inductive  drop  in  the  armature  and  field  circuits 
respectively).  The  internal  voltage  of  the  motor  is  therefore  given 
byOe. 

The  conditions  at  starting  are  represented  in  Fig.  33a,  and  in  this 
case  the  power  factor  is  nearly  zero. 

^  The  torque  will,  of.  course,  be  pulsating,  and  this  will  tend  to  produce  excessive 
vibration  at  starting. 
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An  inspection  of  Fig.  33  will  show  that  the  angle  of  lag  (<^)  is  given  by 

_i      ab+cd       /        wattless  component  of  terminal  voltage\     ^p^ 
Oa-\-bc+de    \       energy  component  of  terminal  voltage  / 

fore,  in  order  to  improve  the  power-factor,  we  must  reduce  {ab-\-cd) — 
which  represents  the  total  inductive  voltage  of  the  motor — and  increase 
Oa,  the  dynamic  E.M.F.  generated  in  the  armature.  Now  the  inductive 
voltage  in  the  field  winding  is  caused  by  the  main  flux,  and  therefore  this 
voltage  cannot  be  neutralised,*  although,  by  suitable  design,  it  may 
be  reduced  to  a  value  that  is  not  objectionable.  On  the  other  hand,  the 
inductive  voltage  in  the  armature  wirding  is  caused  by  the  cross-flux 
due  to  armature  reaction,  which  flux  has  a  fixed  position  in  space — ac- 
cording to  the  position  of  the  brushes — and  is  not  necessary  for  the  pro- 
duction of  the  torque. t  Therefore,  this  cross-flux  may  be  neutralised, 
wholly  or  partially,  by  means  of  a  suitable  winding  on  the  stator. 


Fio.  34o.  Fig.  346. 

For  a  complete  neutralisation  of  the  cross-flux,  the  neutralising  (or 
compensating)  winding  on  the  stator  must  be  distributed  in  the  same 
manner  as  the  armature  winding,  with  the  magnetic  axis  of  the  neutral- 
ising winding  coincident  with  the  magnetic  axis  of  the  armature  winding, 
and  the  resultant  ampere-turns  along  this  axis  must  be  zero.  If  the 
brushes  are  in  the  geometrical  neutral  position,  the  magnetic  axis  of  the 
neutralising  winding  will  be  at  right  angles  to  that  of  the  main  field 
winding. 

The  neutralising,  or  compensating,  winding  may  be  either  short- 
circuited  upon  itself — ^as  represented  in  Fig.  34a — or  connect-ed  in  series 
wdth  the  armature  and  field  windings,  as  represented  in  Fig.  346.  J  With 
the  former  method  (Fig.  34a)  the  machine  is  only  partially  compensated, 
as  the  ampere-turns  of  the  compensating  winding  are  derived  from  the 
armature  through  transformer  action.     The  method,  however,  has  the 

*  It  iB  possible,  by  means  of  a  special  winding  on  the  armature,  to  compensate 
the  inductive  voltage  of  the  field  winding  by  a  dynamic  voltage,  and,  with  the 
armature  reaction  compensated,  to  obtain  practically  unity  power-factor  at  all 
loads ;  but  this  method  results  in  increased  neating  and  reduced  torque,  and  is, 
in  consequence,  not  culopted  in  commercial  machines.  See  The  Electricictn,  vol. 
58,  p.  408. 

f  Moreover,  the  presence  of  the  cross-flux  in  the  neutral  zone  is  detrimental  to 
commutation. 

X  The  machine  of  Fig.  34o  is  said  to  be  **  inductively  compensated,*'  while  the 
i»ft/>)iii>A  of  Fig.  346  is  sidd  to  be  '*  conductively  compensated.** 
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advantage  that  the  number  of  turns  do  not  require  to   be   carefully 
chosen,  and  consequently  a  heavy  bar  winding  can  be  adopted. 

With  the  conductive,  or  "  forced,"  compensating  winding  (Rg.  346) 
any  desired  compensation  can  be  obtained,  and  this  method  is  largely 

used  in  practice.     In.  some  cases,  however,  it  is   not 
always   practicable   to   obtain  the   correct   number  of 

t^     f^  turns  for  complete   compensation.     If  the   winding   is 
/       suitably  designed,  there  ^mUl  be  only  a  very  small  induc- 
I    /        tive  voltage  in  the  armature  circuit,  this  voltage  being 
caused  by  leakage  between  the  teeth. 

The  power-factor  of  the  compensated-series  motor 
will,  therefore,  be  considerably  higher  than  that  of  the 
uncompensated  motor,  while,  due  to  the  absence  of 
armature  reaction,  the  commutation  will  be  better.  The 
improvement  in  the  power-factor  is  shown  in  the  vector 
diagram  of  Fig.  35,  which  should  be  compared  with 
Fig.  33,  the  same  letters  being  used  in  each  diagram  to 
represent  the  respective  voltages. 

The  power-factor  may  be  still  further  improved  by 
reducing  the  inductive  voltage  in  the  field  winding,  which 
may  be  accomplished  by  (1)  supplying  the  motor  with 
current  at  low  frequency  (15  cycles  has  been  standardised 
on  the  Continent  and  25  cycles  in  America),  (2)  adopting 
a  small  air-gap  in  conjunction  with  a  low  flux-density 
and  an  unsaturated  magnetic  circuit,  (3)  adopting  a  large 
number  of  poles  and  a  low  flux  per  pole.  The  adoption 
of  a  low  flux  per  pole  will  require  a  corresponding  increase  in  the 
number  of  armature  turns  in  order  to  obtain  the  requisite  torque,    CJon- 


Fia.  36. 


sequently  the  ratio 


armature  ampere-turns  per  pole 
field  ampere-turns  per  pole 


will  be  much  greater  than  is  customary  with  continuous-current  motors. 
In  compensated  motors  the  armature  ampere-turns  are  only  limited  by 
considerations  of  heating,  but,  in  order  to  accommodate  the  increased 
ampere-turns,  the  diameter  of  the  armature  wiU  have  to  be  chosen 
larger  than  that  of  a  contiimous-current  motor  of  equal  rating. 

If  losses  and  magnetic  leakage  be  neglected,  the  relation  between 
the  power-factor,  armature  turns,  field  turns,  number  of  poles,  speed 
and  frequency  is  given  by 

'         '  (14)* 


cos  ^(= power-factor) = a/ ^ 


+(^7ta6)« 


*  This  expression  follows  readily  from  Fig.. 35  if  losses  and  magnetic  leakage  be 
neglected.     Thus, 

^  inductive  voltage  in  field  winding 

^  ~dyneunic  voltage  generated  in  armature 


2n  . 


*«  X  10-« 


T2 


A.    T    .    *,nXlO-« 


where  /  is  the  frequency  of  supply,  /j  the  frequency  of  rotation  of  the  armature, 
T/  the  total  turns  in  the  field  winding,  T  the  turns  in  series  between  the  brushes. 
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total  field  turns 


a=- 


where  ^ . . 

armature  turns  m  series  between  brushes  ' 

J  ,  _synchronous  speed  in  r.p.m.     • 

speed  of  rotation  of  armature  in  r.p.m. 

This  expression  shows  that  a  high  power-factor  will  only  be  obtained 
with  small  values  for  a  and  h, 

Oommutation.— The  conditions  which  affect  commutation  are  con- 
siderably more  complicated  than  those  met  with  in  continuous-current 
motors,  the  principal  difficulty  being  the  "  transformer  voltage,"  which 
is  induced  by  the  alternating  flux  in  the  coils  undergoing  commutation. 
It  will  be  realised  that,  with  the  brushes  in  the  neutral  position,  the 
coils  undergoing  commutation  are  in  the  position  of  maximum  mutual 
induct>ance  with  respect  to  the  main  field  winding,  and  consequently 
behave  like  the  secondary  winding  of  a  transformer,  of  which  the  field 
winding  forms  the  primary.  Hence,  if  the  armature  coils,  commutator 
connections,  and  brushes  have  only  a  low  resistance  and  inductance, 
it  follows  that  large  circulating  currents  will  be  produced  in  the  coils 
Bhort-circuited  by  the  brushes.  These  circulating  currents  are  detri- 
mental to  the  performance  of  the  motor,  for  they  lead  to  increased 
losses  in  the  armature,  and  are  the  cause  of  excessive  sparking  at  the 
brushes;  moreover,  they  produce  a  reaction 
which  results  in  a  weakening  of  the  main  flux,  aY 

as  well  as  a  phase  displacement  between  this 
flux  and  the  main  current,  thereby  reducing 
the  torque. 

The  reaction  prodnced  by  the  circulat- 

ihg  currents  is  represented  in  the  vector 
diagram  of  Fig.  36,  in  which  OT  represents 
the  main  flux,  OB  the  ampere-turns  to  pro- 
duce this  flux,  and  OF  the  transformer  volt- 
age, which,  of  course,  is  in  time  quadrature 
with  the  flux.    If  we  assume  the  inductance  fio.  36. 

of  the  short-circuited  coils  to  be  negligible, 

and  disregard  any  other  E.M.Fs.  that  may  be  induced  in  these  coils, 
then  the  circulating  currents  produced  by  the  transformer  voltage  can  be 
represented  by  00,  in  phase  with  OF,  The  reaction  ampere-turns, 
duo  to  the  circulating  currents,  are  represented  by  OC,  and  act  along 
the  axis  of  the  field  winding  in  opposition  to  the  field  ampere-turns. 
Therefore,  OB  must  represent  the  resultant  of  the  field  ampere-turns 
and  the  reaction  ampere-turns.  Hence  the  field  ampere-turns  are 
represented  by  OA  ^  and  the  main  current  by  01,  which  leads  the  flux 
by  the  angle  6,  thereby  reducing  the  angle  <^  (Fig.  35)  and  improving 
the  power-factor. 

The  improvement  in  the  power-factor,  however,  is  accompanied  by 

and  ^M  ^he  creet  value  of  the  flux,  the  distribution  of  which  is  assumed  to  be 
sinuBoidal.    Hence 

(n,  =83mchronou8  speed  in  r.p.m.    n  =  armature  speed  in  r.p.m.) 


Whence  cos  0  =« 


V 1  +  tanV 
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a  reduction  in  the  torque,  since  the  latter  is  represented  by  the  product 
07x0/ cos  6. 

Thus  the  circulating  currents  lead  to  (1)  a  reduction  of  the  output, 
(2)  an  increase  in  the  losses,  (3)  a  reduced  efficiency,  and  (4)  an  im- 
provement in  the  power-factor.  As  it  is  obviously  undesirable  to 
improve  the  power-factor  at  the  expense  of  the  efficiency  and  thermal 
constants  of  the  motor,  features  must  be  incorporated  into  the  design 
to  reduce  the  circulating  currents  to  a  minimum. 

First  let  us  consider,  briefly,  what  steps  must  be  taken  in  order  to 
netUrcUiae  the  transformer  voltage.  Since  this  voltage  is  produced  by 
induction  from  the  main  flux,  therefore  it  can  only  he  neutralised  by  a 
dynamic  E.M.F,,  which  must  be  generated  in  the  commutated  coils  by 
their  rotation  in  a  commutating  flux  of  the  correct  flux-density  and 
phase.  Moreover,  as  the  transformer  voltage  has  a  phase  displacement 
of  90  degrees  (lagging)  in  relation  to  the  main  flux,  the  commutating 
poles  must  have  shunt  excitation.  Generally,  a  compound  (series  and 
shunt)  excitation  must  be  adopted,  as  discussed  below,  in  order  to 
compensate  the  reactance  voltage,  but  complete  neutralisation  of  the 
transformer  voltage  can  only  occur  over  a  limited  range  of  speeds. 

Whatever  methods  are  adopted  for  neutralising  the  transformer 
voltage  when  the  armature  is  rotating,  these  methods  are  of  no  use  imder 
starting  conditions,  and  therefore  other  features  must  be  introduced 
into  the  design  of  the  motor. 

Now  the  magnitude  of  the  circulating  currents  at  starting  can  be 
reduced  by  (1)  reducing  the  magnitude  of  the  transformer  voltage, 
(2)  increasing  the  resistance  of  the  path  of  the  circulating  currents. 

Since  the  static  E.M.F.  (e,)  induced  in  a  coil  of  t  turns  by  the  alterna- 
tions of  a  flux  ^^n  is  given  by 

c,=4-44//*«xl0-«, 

therefore,  if  m  coils  are  short-circuited  by  a  brush,  the  transformer 
voltage  (e,)  causing  circulating  currents  in  these  coils  will  be  given  by 

c,=4-44m</*^XlO-« (15) 

Hence  e,  can  be  reduced  by  (a)  reducing  the  number  of  coils  short- 
circuited  by  a  brush,  (6)  reducing  the  number  of  turns  per  armature 
coil  to  the  minimum  value  (viz.  unity),  (c)  adopting  a  low  flux  and  a 
low  frequency. 

The  resistance  of  the  path  of  the  circulating  currents  may  be  in- 
creased by  {d)  the  use  of  high-resistance  brushes  and  (e)  the  introduction 
of  "  resistance  leads  "  or  high-resistance  connections  between  the  arma- 
ture coils  and  the  commutator  segments,*  as  indicated  diagrammaticallv 
in  Fig.  37.  -  ^ 

The  resistance  connections  usually  consist  of  a  high-resistance  aUoy 
(such  as  rheostan  or  *"'  Eureka  "),  and  connect  the  junctions  of  the  arma- 
ture coils  to  the  commutator  segments  (see  Fig.  37),  the  connections 
being  generally  located  in  the  slots  with  the  armature  winding  as  described 
below  (page  92).  On  account  of  considerations  of  space,  and  as  the 
leads  are  not  carrying  current  continuously,  it  is  the  practice  to  design 
them  for  a  high  current  density  (about  1500  to  2000  amperes  per  square 
inch). 

*  These  resistance  connections  can  be  arranged  as  active  conductors  to  add  to 
the  torque  (see  p.  94). 
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The  number  of  coils  short-circuited  by  a  brush  can  be  reduced  by 
means  of  a  duplex  armature  winding  *  or  (which  is  more  usual)  the  use 
of  narrow  brusnes  covering  not  more  than  two  segments.  These  brushes 
are  generally  of  high  resistance  so  as  to  conform  to  condition  (d). 

"nie  reduction  of  the  armature  turns  per  coil  to  unity  introduces  a 
limitation  to  the  armature  voltage,  since,  with  a  multiple-circuit  arma- 
ture winding  and  a  large  number  of  poles,  the  number  of  segments  per 
pole  (and  therefore  the  turns  per  circuit  and  the  voltage)  are  hmit«d  by 
the  largest  permissible  diameter  of  commutator  and  the  narrowest  width 
of  segment. 'f 

Hence  we  usually  find  alternating-current  series  motors,  of  moderate 
outputs,  built  for  voltages  of  from  200  to  300  volts,  although,  under 
favourable  conditions,  voltages  up  to  450  volts  have  been  adopted  for 
motors  of  large  outputs.    In  the  latter  cases,  satisfactory  operation  has 


Armature  Winding. 


Betittanee  Cotmertiont. 
Commutator  Segmtntt. 


been  obtained  without  the  use  of  resistance  connections.  With  machines 
of  small  and  moderate  outputs,  in  which  a  high  torque  must  be  developed 
at  starting  and  where  considerations  of  space  do  not  allow  the  most 
favourable  conditions  to  be  adopted  in  the  design,  it  is  practically  im- 
possible to  obtain  satisfactory  operation  unless  resistance  connections 
are  used. 

In  our  consideration  of  the  power-factor  we  found  that  a  low  flus 
and  a  low  frequency  were  desirable,  and  we  now  find  that  these  con- 
ditions must  be  satisfied  in  order  to  obtain  satisfactory  commutation. 
In  fact,  it  is  due  to  adoption  of  the  low  frequency  of  15  cycles  that  the 
alternating-current  series  motor  has  been  developed  to  its  present  state 
of  perfection  in  large  machines.  This  brings  us  to  the  consideration  of 
the  conditionB  which  limit  the  output  of  a  single-phase  aeries 
motor 

If  we  neglect  friction,  windage,  and  core  losses,  the  output  of  the 

*  A  duplex  armature  windint 
motator  aegments  being  aonneoted 
BUctrie  Molort,  Hobart,  p.  SO.) 

t  Moreover,  the  minimum  width  of  segment  must  be  chosen  with  reference  t< 
the  minimum  practicable  thickneea  for  the  brushes. 
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motor  is  given  bj'^  W—Exl,  where  W  denotes  the  output,  E  the  counter- 
E.M.F.  generated  in  the  arraatu'^,  and  /  the  total  armature  current. 

But  ^^4!r/i%xl0-2, 

hence  W= -Lj^^jpi  x  IQ-^. 

Now  Txl  is  equal  to  the  total  armature  ampere-turns,  hence,  if  D 
denotes  the  diameter  of  the  armature,  and  Q  denotes  the  specific  electric 
loading  (t.e.  the  ampere-turns  per  unit  length  (cm.  or  in.)  of  armature 
periphery),  then 

T  X  I=t:QD, 

Substituting  for  <I\,  from  equation  (15)  (p.  56),  and  introducing  Q 
and  D,  we  have 


W^=(f2/.^DxlO-)^._^ 


-^■^■^-    (i«) 

If  we  assume  the  turns  per  armature  coil  to  be  unity  (i.e.,  <=1),  and 
the  brush  thickness  not  greater  than  the  width  of  two  commutator 
segments  (i.e.,  w=2),  then 

W=^  .  QD  .  e,. 

Now  Q  is  principally  governed  by  heating  conditions,  and  can  be 
considered  to  have  a  definite  value  for  each  armature  diameter.  Hence 
the  output  from  a  given  diameter  of  armature  is  proportional  to  c,  x/j// 
or  et  X  w/n,,  n  being  the  speed  of  the  armature  in  r.p.m. 

Thus  we  see  that  the  transformer  voltage  (6<)  has  an  important  bear- 
ing on  the  design  of  the  motor,  and  when  the  permissible  value  of  this 
voltage  is  reached,  the  output  can  only  be  increased  by  either  (1)  in- 
creasing the  speed  of  the  armature,  (2)  increasing  the  number  of  poles 
(since  Wa=120//p),  (3)  reducing  the  frequency  of  supply.  Moreover,  it 
is  apparent  that  for  an  economical  design  the  ratio  n/n,  must  be  large, 
which  results  in  a  high-speed  machine  with  a  large  number  of  poles. 

In  addition  to  the  transformer  voltage,  considered  above,  the  coils 
undergoing  commutation  have  two  other  voltages  induced  in  them,  viz. 
(1)  a  voltage  (called  the  "reactance  voltage")  due  to  the  reversal,  or 
commutation,  of  the  armature  current,  and  (2)  a  voltage  (called  the 
'''  rotation  voltage  ")  t  produced  by  the  armature  conductors  cutting 
the  cross-flux  in  the  neutral  zone.  These  voltages  are  also  present 
during  the  process  of  commutation  in  continuous-current  machines, 
and  ma3^  be  estimated  according  to  various  formulae,  J  but  with  single- 

271     4-44* 

f  This  voltage  only  occurs  in  non-commutating-pole  machines  which  are  not 
fully  compensated.  * 

t  See  The  Dynamo  (Hawkins  &  Wallis).  Single-Phcue  Commutator  Motors 
(Punga).  "  A  Theory  of  Commutation."  by  B.  G.  Lamme  {Transactione  of  American 
Institute  of  Electrical  Engineers^  vol.  30,  p.  2359).  Punga's  treatise  also  discuaaes 
the  modifications  to  be  applied  to  reactance  voltage  formulae  when  used  for  single- 
phase  motors. 
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phase  motors  these  formula  have  to  be  modified  to  take  into  account  the 
(Ufference  in  the  operating  conditions  *  in  the  two  cases  and  the  differ- 
ence in  the  armature  construction,  since,  generally,  single-phase  arma- 
tures are  constructed  with  partially  closed  slots. 

The  "  reactance  voltage  "  is  approximately  in  phase  with  the  armature 
current,  while  its  magnitude  depends  on,  the  current,  the  speed,  and 
other  factors  concerned  with  the  design. 

The  "  rotation  voltage  "  is  in  phase  with  the  armature  cross-flux, 
which  is  in  phase  with  the  armature  current. 

The  reactance  and  rotation  voltages  are,  therefore,  out  of  phase  with 
the  transformer  voltage  ;  hence  the  vector  sum  of  these  three  voltages 
must  be  conflidered  in  obtaining  the  resultant  circulating  current. 

When  the  machine  is  provided  with  commutating  poles,  the  portion 
(if  any)  of  armature  cross-flux  which  is  not  neutralised  by  the  compen- 
sating winding  must  be  neutralised  by  an  equal  flux  from  the  commutating 


poles  before  a  commutating  flux  can  be  established.  Under  these  con- 
ditions we  have  only  to  consider  the  resultant  of  the  transformer  and 
reactance  voltages  in  determining  the  commutating  voltage  to  be  gener- 
ated in  the  short-circuited  coils  by  their  rotation  in  the  commutating  flux. 

The  methods  adopted  for  excitine^  the  commatatinff  poles,  in 
order  t«  obtain  the  correct  phafie  of  the  commutating  flux,  are  (1)  com- 
pound winding  (in  conjunction  with  commutating  poles  of  special  design), 
(2)  series  winding  shunted  with  non-inductive  resistance,  (3)  shunt  wind- 
ing in  series  with  a  transfoiiner  connected  across  the  main  field  winding. 

Method  (1)  has  been  developed  and  perfected  by  the  Siemens'  Com- 
panies, and  is  indicated  diagram matically  in  Fig.  38.  The  commutating 
pole  consists  of  three  teeth.  Around  the  central  tooth  is  wound  the 
series  winding,  the  ampere-turns  of  which  must  neutralise  the  uncom- 
pensated armature  ampere-turns  and  provide  the  component  of  the 
commutating  flux  to  compensate  the  reactance  voltage.  The  shunt 
winding  surrounds  the  whole  of  the  pole,  and  provides  the  component 
of  the  conrniutatiug  flux  to  compensate  the  transformer  voltage. 

*  Generally,  with  Bingle-pbaae  motora,  the  instantaneous  value  of  the  ftrmature 
current  (for  a,  given  armature  coil)  at  the  commencement  of  the  conunutation 
period  ditlera  from  that  at  the  end  of  thia  period.  The  difference  in  these  instan- 
taneooB  values  of  the  armature  current  depends  on  the  ratio  between  the  frequency 
of  the  supply  current  and  the  frequency  of  coitimutation. 
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This  arrangement  of  the  windings  is  necessary  in  order  to  reduce  the 
inductive  action  between  the  series  and  shunt  coils.  With  the  arrange- 
ment shown  in  Fig.  38  the  shunt  current  is  only  aflFected  very  slightly 
by  the  current  in  the  series  coil. 

Vector  Dia^am  for  compound-wonnd  commntatinff  poles.— The 

method  of  obtaining  the  corl^ct  proportion  of  shunt  and  series  turns 
is  shown  in  the  vector  diagram  of  Fig,  39,  which  represents  the  con- 
ditions for  perfect  commutation  (i.e.  no  circulating  currents)  at  a  certain 
load  and  speed.  The  main  flux  (OY)  will,  therefore,  be  in  phase  with 
the  main  current  01,  thus  giving  a  phase  displacement  of  90  degrees 
between  the  transformer  and  reactance  voltages,  which  are  represented 
by  Ox  and  Oy  respectively.  The  commutating  flux  must  be  of  such 
magnitude  and  phase  that  a  voltage  (Ow)  equal  and  opposite  to  Oz — 
the  resultant  of  Ox  and  Oy — ^is  generated  in  the  coils  undergoing  commu- 
tation.   This  flux  is  represented  by  OZ. 

The  ampere-turn  diagram,  corresponding  to  the  voltage  diagram  of 
Fig.  39,  is  shown  in  Fig.  40,  in  which  OA  represents  the  field  ampere- 
turns  producing  the  main  flux  OY,  while  Og  (of  the  same  phase  as  OZ 

in  Fig.  39)  represents  the  ampere- 
turns  required  for  the  production 
of  the  commutating  flux,  and  Or, 
Op  the  components  of  these  ampere- 
turns  supplied  by  the  series  and 
shimt  windings  respectively.  The 
total  series  ampere-turns  on  the 
commutating  pole  will  generally 
be  greater  than  Or  by  an  amount 
suflicient  to  neutralise  the  uncom- 
pensated armature  turns.  If  the 
latter  are  represented  by  m,  then 
On  will  represent  the  total  series 
ampere-turns  to  be  provided. 

It  now  remains  to  determine  the 
magnitude  and  phase  of  the  voltage 
to  be  applied  to  the  shunt  winding 
in  order  that  the  shunt  current 
shall  be  in  phase  with  Op,  Refer- 
ring to  Fig.  39,  the  E.M.F.  induced 
in  the  shunt  winding  by  the  com- 
mutating flux  is  represented  by  Ov  (at  right  angles  to  OZ),  while  the 
voltage  drop  due  to  the  resistance  of  the  winding  is  represented  by  vu. 
Therefore  a  voltage  equal  and  opposite  to  Ou  must  be  applied  to  the 
terminals  of  the  shunt  winding.  Now  this  voltage  will  generally  differ 
in  magnitude  and  phase  from  the  terminal  voltage  (OF)  of  the  motor, 
so  that  it  will  be  necessary  to  add  resistance  or  reactance  (or  both)  to 
the  shunt  circuit  before  the  correct  shunt  current  can  be  obtained.  In 
the  case  under  consideration,  an  impedance  coil,  having  a  resistance 
drop  equal  to  tU  and  a  reactance  drop  equal  to  ts,  must  be  connected 
in  series  with  the  shunt  winding.*    The  total  voltage  in  the  shunt  circuit 

•  In  some  cases  a  small  transformer,  or  a  tapping  on  the  main  transformer,  is 
used  for  supplying  the  voltage  to  the  shunt  winding,  and  under  these  conditions 
only  an  culjusting  resistance  will  be  required. 


Fio.  40. 


Fig.  39. 
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Fig.  41. 


will  then  be  lepresented  by  Os,  which  is  equal  and  opposite  to  the 
impressed  voltage  OV, 

A  series-wonnd  commutatinff  pole,  shunted  with  a  non-inductive 
resistance,  has  been  standardised  by  the  Oerlikon  Oo.  for  their  single- 
phase  series  motors.  The  connections  are  indicated  in  Fig.  41,  while  in 
Fig.  42  is  given  a  vector  diagram, 
which  shows  how  the  desired  phase 
of  the  commutating  flux  is  obtained. 
In  this  diagram  (which  represents 
the  conditions  for  ideal  commuta- 
tion) the  magnitude  and  phase  of 
the  ampere-turns  required  to  pro- 
duce the  coimnutating  flux  OZ  is 
represented  by  Oq,  wMle  OT  repre- 
sents the  main  flux  and  01  the  main 
current.  If  the  armature  ampere- 
turns  are  completely  compensated, 
then  the  ampere-turns  on  the  com- 
mutating pole  must  be  equal  to  Oq,  The  current  in  the  commutating- 
pole  wincung  must  be  in  phase  with  Oq ;  and  if  OH  represents  the 
current  required,  then  OK — ^the  vector  difference  of  01  and  OH — 
represents  the  current  in  the  shunt  resistance. 

The  voltage  drop  Ou  in  the  commutating-pole  circuit  is  obtained  by 
compounding  Ov  (which  represents  the  E.M.F.  induced  in  the  commu- 
tating-pole winding)  with  vu  (which  represents  the  resistance  drop  in 
the  winding).  The  value  of  the  shunt  resistance  is  then  obtained  by 
dividing  Ou  by  the  shunt  current  OK. 

The  results  obtained  by  this  method  of  excitation  have  been  quite 

satisfactory,  and,  with  high-speed  15-cycle  motors, 
the  losses  in  the  shunt  resistance  are  only  of  the 
order  of  ^  to  ^  of  1  per  cent.*  of  the  output  of 
the  motor.  With  low-speed  26-cycle  motors,  how- 
ever, the  loss  in  the  shunt  resistance  would 
generally  be  of  such  a  magnitude  to  render  this 
system  of  excitation  impracticable.f 

The  application  of  a  shnnt-wound  commutat- 
ing  pole,  in  conjunction  with  a  booster-transformer 
excited  from  the  field  winding  of  the  motor,  is 
indicated  in  the  comiection  diagram  of  Fig.  43. 
This  method — devised  by  Latour — ^has  been  used 
by  Messrs.  Siemens-Schuckert  {  in  addition  to  the 
compound  -  wound  commutating  pole  described 
above. 

The  vector  diagram  for  this  method  of  exciting 

the  commutating  poles  is  rather  complicated,  on 

account  of  the  large  number  of  quantities  which 

have  to  be  considered,  so  that,  to  simplify  matters,  we  shall  assume 

that  (1)  the  armature  ampere-turns  are  completely  compensated,  (2)  the 

*  See  a  paper  on  **  Single- phase  Traction,"  by  Marius  Latour  {Journal  oj  the 
InsHHiHon  of  Elecirical  Engineers,  vol.  51,  p.  618.)  An  investigation  of  the  losses 
with  the  above  method  of  excitation  is  given  in  the  paper  (pp.  514-518). 

t  See  The  Electric  Journal,  vol.  10,  p.  989. 

t  The  Eledfician.  voL  58,  p.  250. 
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commutation  is  perfect  (i.e.  there  are  no  circulating  currents),  (3)  the 
losses  and  leakage  in  the  booster-transformer  are  negligible.  The 
ampere-turns  on  the  commutating  pole  will,  therefore,  only  have  to 

provide  the  commutating  flux.  A 
consideration  of  Fig.  43  will  lead  to 
the  following  deductions :  (1)  the 
impressed  voltage  on  the  primary 
of  the  booster-transformer  is  equal 
to  the  voltage  impressed  on  the 
field  winding;  (2)  the  armature 
current  differs  in  magnitude  and 
phase  from  the  field  current;  (3) 
the  current  in  the  secondary  of  the 
booster-transformer  is  equal  to  the 
current  in  the  commutating  -  pole 
winding ;  (4)  the  vector  sum  of 
the  voltages  across  the  commutating-pole  winding  and  the  secondary 
of  the  booster-transformer  must  equal  the  line  voltage  (in  phase  and 
magnitude). 

In  order  to  render  the  vector  diagram  legible,  it  has  been  drawn  in 
two  portions — one  (Fig.  44a)  relating  generaUy  to  the  various  currents, 
and  the  other  (Fig.  44&)  relating  to  the  various  E.M.Fs. 

Referring  to  Fig.  446,  OY  represents  the  main  flux,  while  Of,  fg 
represent  respectively  the  inductive  and  resistance  drops  in  the  field 
winding  {Of  is  at  right  angles  to  OF,  and  fg  is  parallel  to  the  field  current 


p^o.  43. 


Fig.  44a. 


Fig.  446. 


OA  (Fig.  44a)).  The  impressed  voltage  on  the  field  winding  and  the 
primary  of  the  booster-transformer  is,  therefore,  represented  by  Oh 
(equal  and  opposite  to  Og),  while  the  secondary  E.M.F.  of  the  transformer 
is  represented  by  Ok  (equal  to  Oh  x  ratio  of  transformation). 

Referring  to  Fig.  44a,  OA  represents  the  field  current,  in  phase 
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with  the  flux  OY ;  DC  the  current  in  the  commutating-pole  winding, 
in  phase  with  the  commutating  flux  OZ  *  (Fig.  446) ;  OB  the  magnetising 
current  of  the  booster-transformer,  at  right  angles  to  Oh  (Fig.  446) ; 
OD  (=00—03)  the  current  in  the  primary  of  tMs  transformer,  assum- 
ing a  1:1  ratio  of  tramrformation ;  OE  the  actual  primary  current ; 
and  01  (==OA+OE)  the  armature  current. 

Referring  again  to  Fig.  445,  the  line  voltage  is  represented  by  OF, 
while  Os — equal  and  opposite  to  OV — ^represents  the  sum  of  the  voltages 
m  the  shunt  circuit.  The  voltage  induced  in  the  commutating-pole 
winding  by  the  commutating  flux  OZ  is  represented  by  Ov — ^at  right 
angles  to  OZ — and  the  resistance  drop  in  this  winding  is  represented 
by  vu.  Hence,  tie — equal  and  parallel  to  OA;— -must  close  this  voltage 
polygon,  otherwise  an  adjusting  resistance  or  a  choking  coil  will  be  re- 
quire (see  remarks  in  connection  with  Fig.  39). 

Vector  Diagram  for  the  ideal  series  motor.— The  vector  diagram 

for  an  ideal  motor  is  given  in  Fig.  45,  which  is  a  simplification  of 


Fig.  45. 


Fig.  46, 


Pig.  33  (p.  62).  Referring  to  Fig.  46,  OT  represents  the  flux,  01  the 
current,  OV  the  terminal  voltage,  and  Oe  the  total  internal  voltage 
(equal  and  opposite  to  OV)  which  is  compounded  from  (1)  the  counter- 
E3I.F.  generated  in  the  armature  (represented  by  Oa),  and  (2)  the  E.M.F. 
of  self-induction  (represented  by  ae).  If  we  regard  Oe  to  be  fixed  in  posi- 
tion and  constant  in  magnitude,  then,  when  the  load  (or  current)  is 
varied,  the  point  a  will  describe  a  semicircle,  of  which  Oe  is  the  diameter 
(see  Kg.  46).  If  we  neglect  saturation  of  the  magnetic  circuit,  then 
this  dic^;ram  (Fig.  46)  enables  us  to  obtain  the  complete  performance 
of  the  motor. 

Now  the  power-factor  is  given  by  cos  <^,  or  Oa/Oe.  Hence,  as  Oe  is 
constant,  the  length  of  Oa  tviU  be  proportional  to  the  power  factor. 

The  inductive  voltage  in  the  motor  is  represented  by  ea,  and  as  the 
inductance  is  constant,  the  length  of  ea  will  he  proportional  to  the  current. 

Since  the  counter-E.M.F.  generated  in  the  armature  is  proportional 
to  the  product  of  the  flux  and  the  speed,  and  the  flux  is  proportional 

*  It  is  necessary  to  assume  the  magnitude  and  phase  of  the  reactance  voltage 
before  the  commutating  flux  can  be  obtained. 
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to  the  current,  therefore  Oa  will  be  proportional  to  (current  X  speed). 
Hence  the  speed  will  be  proportional  to  the  ratio  Oa/ea,  If  a  perpen- 
dicular be  erected  on  Oe  at  O,  and  ea  be  produced  to  cut  it  at  o,  then 
0a/ea=0b/0e,    Hence  t?ie  length  of  Ob  mil  he  proportional  to  the  speed. 

From  a  drop  the  perpendicular  ac  on  to  Oe.  Then  ac  mil  represent 
the  tvatts  inpvi  and  also  the  watts  oiUput* 

The  maximvm  oviput  will  be  given  by  the  maximum  value  of  ac^ 
which  is  equal  to  ^e. 

If  point  a  corresponds  to  full  load,  then  the  overload  capacity  (() 
will  be  given  by 

f^iQg_    hOe  \      _  1  _  1 

ac     aexOa    ae     Oa     2  sin  <^  cos  ^     2  cos  <^Vl— cos*  ^. 
Oe       UeOe 

[Note. — Cos  <^  here  refers  to  the  full-load  power-factor.] 

The  torque  is  proportional  to  (current  x  flux)  or  (current)*,  t.c,  ea^. 
Now  ea^=0exc€.  Henc«  the  length  of  ce  mil  be  proportional  to  the 
torque. 

If  the  ratio  "*flf."*?  ^''^^(Jh')  be  represented  by  <r.  then 

full  load  current  \    ae/ 

l/<r=  sin  ^,  and  the  power-factor  at  full  load  will  be  given  by 

cos  «^=V1— sin2«^=yi— ■^- 

Summarising  we  have, 

Oa  is  proportional  to  the  power-factor, 

ea  „  ,,  current, 

Ob  ,,  ,,  speed, 

ac  ,,  ,,  watts  input  and  watts  output, 

ce  ,,  ,,  torque. 

We  are  thus  able  to  predetermine  the  complete  performance  curves 
of  the  motor. 

In  commercial  motors,  however,  the  conditions  are  not  ideal,  for  we 
have  losses,  magnetic  saturation,  magnetic  leakage,  and  circulating 
currents,  the  latter  producing  a  reaction  which  results  in  a  phase  dis- 
placement between  the  current  and  the  flux.  Now  all  these  items  vary 
with  the  load,  so  that,  if  we  wish  to  predetermine  the  performance 
curves  of  a  commercial  motor,  we  must  construct  a  vector  diagram  for 
each  load  and  voltage.  This  vector  diagram  will  really  be  a  combina- 
tion of  the  vector  diagrams  already  given.  The  process,  however,  is 
not  straightforward,  as  it  is  necessary  to  assume  the  magnitude  and 
phase  of  some  of  the  quantities  before  the  diagram  can  be  completed. 
We  shall,  therefore,  discuss  the  diagram  in  detail. 

Vector  Diagram  for  the  Compensated  Series  Motor  with  Oom- 

mutating  Poles^— As  an  example  of  the  method  to  be  adopted  in  a  par« 
ticular  case,  we  will  consider  that  the  performance  curves  are  required  for 

•  The  watts  input  =  volts  x current  xcos  0  =0e  x<»ex  cos  0 

=  0e  xoe  xOa 
=0ex2(0exiac) 
«0c*  x<ic. 
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a  commutating-pole  compensated  series  motor  for  which  the  full  design 
data  are  avaUable.  If  we  only  require  the  performance  curves  for  one 
operating  voltage,  then  we  must  assume  a  range  of  values  for  the  flux, 
and  obtain  the  current  and  speed  from  the  vector  diagram  by  a  process 
of  trial  and  error.  If,  however,  the  performance  curves  are  required  for 
a  number  of  voltages,  then  it  is  preferable  to  assume  values  for  the  flux 
and  sx)eed  and  determine  the  current  from  the  diagram.  A  set  of  curves 
is  then  constructed  giving  the  volt-ampere  characteristics  at  definite 
speeds,  from  which  the  speed-current  curve  for  constant  terminal  voltage 
oan  be  obtained.  In  the  present  case,  we  will  suppose  that  the  perform- 
ance curves  are  required  for  only  one  voltage. 

A  value  is  assumed  for  the  main  flux  (OF,  Fig.  47a).    The  saturation 
ampere-turns  required  for  this  flux  axe  represented  by  OB,    The  re- 


FiG.  470. 


Fig.  47o. 


Fig.  476. 


action  ampere-turns  OC  (due  to  circulating  currents)  must  now  be 
assumed — ^in  magnitude  and  phase — ^in  order  that  the  field  ampere- 
turns  OA  and  the  main  current  01  may  be  determined.  If  the  power- 
factor  is  also  assumed,  we  are  able  to  construct  the  voltage  part  of  the 
diagram  and  obtain  the  speed.  Thus,  in  Kg.  47a,  OF  represents  the  ter- 
minal voltage,  Oe  (equal  and  opposite  to  OV)  the  total  internal  voltage, 
de  (parallel  to  01)  the  total  resistance  drop,  cd  (alt  right  angles  to  01) 
the  reactance  drop  in  the  armature  and  compensating  winding,  be  (at 
right  angles  to  07)  the  inductive  voltage  in  the  field  winding,  and  Oh 
the  counter-E.M.F.  generated  in  the  armature  by  its  rotation  in  the 
main  flux.  (Note.— The  point  6  must  lie  on  TO  produced.)  The 
speed  can  readily  be  obtained  from  the  value  of  Ob  and  the  flux. 

We  have  now  to  check  the  magnitude  and  phase  of  the  reaction 
ampere-turns  00.  Now  the  voltage  producing  the  circulating  currents 
is  the  resultant  of  (1)  the  transformer  voltage,  (2)  the  reactance  voltage, 
and  (3)  the  commutating  voltage,  the  latter  being  generated  in  the 
commutated  coils  by  their  rotation  in  the  commutating  flux.  The 
transformer  and  the  reactance  voltages  can  be  calculated,  since  the 
flux  and  current  are  known.    The  commutating  voltage  can  also  be 

E 
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calculieited  by  assuming  the  magnitude  of  the  commutating  flux.  The 
phase  and  magnitude  of  this  flux  can  be  determined  by  a  process  of 
trial  and  error  as  follows  : 

Referring  to  Fig.  476,  let  Oq  represent  the  ampere-turns  producing 
the  commutating  flux  OZ,  Or  the  resultant  ampere-turns  of  the  series 
winding,  and  Op  (^Oq—Or)  the  ampere-turns  of  the  shunt  winding. 
The  shunt  current  and  the  E.M.Fs.  in  the  shunt  circuit  can  then  be 
obtained.  (See  remarks  in  connection  with  Fig.  39,  p.  60.)  The 
total  voltage  in  the  shunt  circuit,  however,  must  agree — ^in  magnitude 
and  phase — with  the  line  voltage,  or  a  definite  fraction  thereof.  The 
correct  conditions  are  represented  in  Fig.  476,  in  which  Ov  (at  right 
angles  to  OZ)  represents  the  inductive  voltage  in  the  shunt  winding,  vt 
(parallel  to  Op)  the  total  resistance  drop  in  the  shunt  circuit,  and  Ot  (in 
phase  with  Oe)  the  total  voltage  in  the  shunt  circuit. 

Having  obtained  the  magnitude  and  phase  of  the  commutating 
flux,  we  are  able  to  obtain  the  resultant  (or  circulating)  voltage  in  the 
short-circuited  coils.  Thus,  in  Fig.  47c,  Oy  represents  the  reactance 
voltage,  Ox  the  transformer  voltage,  Oz  the  commutating  voltage,  and 
Ow  the  resultant  voltage.  The  circulating  currents  may  be  considered 
to  be  in  phase  with  Oiv,  and  the  ampere-turns  due  to  these  currents 
are  represented  by  OC,  which  must  agree  with  the  assumed  value. 


The  Repulsion  Motob 

Before  discussing  the  compensated-repulsion  motor,  the  D^ri  brush- 
shifting  repulsion  motor,  and  the  series-repulsion  motor,  it  will  be  desir- 
able    to    investigate    the     principles     and 
\^  ^        characteristic  features  of  the  simple  repul- 

sion motor. 


The  simplest  form  of  repnlsion  motor 

consists   of    a  stator    with  a  single -phase 
winding  (which  is  distributed  in  the  same 
manner  as  the  winding  of  a  single-phase  in- 
Fio.  48.  duction    motor),  and  a   continuous-current 

armature  with  short-circuited  brushes,  the 
axis  of  the  brushes  being  displaced  from  the  magnetic  axis  of  the 
stator  winding,  as  indicated  in  Fig.  48. 

The  short-circuited  brushes  form  the  distinguishing  feature  of  all 
types  of  repulsion  motors,  and  fulfil  an  important  function  in  the  opera- 
tion of  these  machines.  Thus  all  repulsion  motors  are  characterised 
by  good  commutation  at  synchronous  speed  (due  to  the  resultant  field 
being  of  a  revolving  nature,  as  in  pol3rphase  motors) ;  but  this  feature 
also  introduces  serious  limitations  into  the  design  of  these  motors  for 
high-speed  service  on  low-frequency  systems. 

In  discussing  the  principles  of  the  repulsion  motor,  it  will  simplify 
matters  if  we  consider  that  the  single  stator  winding  W,  of  Fig.  48, 
consists  of  two  windings  T,  E  (Fig.  49),  with  their  axes  at  right  angles 
to  each  other,  the  axis  of  winding  T  being  coincident  with  the  magnetic 
axis  of  the  armature,  as  indicated  in  Fig.  49. 

This  arrangement  of  the  windings  is  adopted  in  practice  for  reversible 
motors,  since,  with  a  single  stator  winding,  the  direction  of  rotation  can 
only  be  reversed  by  moving  the  brushes  to  the  dotted  position  in  Fig.  48. 
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The  resultant  ampere-tums  of  the  two  windings  T,  E,  must  be  equal 
to  the  ampere-tums  of  the  single  stator  winding  W  (Fig.  48). 

Thus,  if  Tg  denotes  the  turns  in  the  single  stator  winding  W  (Fig.  48), 
Ti,  T^  respectively  denote  the  turns  in  the  windings  T,  E  (Fig.  49),  and 
a  denotes  the  angular  displacement  of  the  brushes  from  the  axis  of  the 
stator  winding  (see  Fig.  48),  then  T<=7^,  cos  a,  Tg=Tg  sin  a. 

Now  the  winding  T  (Fig.  49)  and  the  short-circuited  armature  wind- 
ing form  a  transformer,  and  therefore 
electrical  energy  can  be  supplied  to  the 
armature  (from  winding  T)  by  induction. 
Hence  the  axis  of  this  winduig  is  called 
the  "  energy  "  or  '*  transformer  "  axis  of 
the  motor.  On  the  other  hand,  winding  £ 
has  no  transformer  action  on  the  armature 
winding,  and  cannot  transmit  energy  to 
the  latter,  but  it  provides  the  ampere-tums 
for  the  "  field  "  or  "  excitation  "  flux. 
The  axis  of  this  winding  is  therefore  called 

the  "  excitation  "  axis  of  the  motor. 

Fio.  49. 

Starting  conditions.— If  we  neglect 
magnetic  leakage  and  losses,  then,  when  a  voltage  is  impressed  on  the 
stator  windings  with  the  armature  stationary,  the  resultant  ampere-tums 
along  the  energy  axis  must  be  zero.*  Consequently  the  only  flux  in 
the  machine  is  produced  by  the  ampere-tums  of  winding  E.  Hence  the 
whole  of  the  supply  voltage  is  consumed  in  this  winding,  and  the  current 
is  entirely  wattless. 

The  phase  relations  are  shown  in  Fig.  50,  where  01  represents  the 
stator  current ;    OA,  OB  the  ampere-tums  of  the  stator  windings  E,  T 

respectively ;  DC  (equal  to  and  oppo- 
site to  OB)  the  armature  ampere- 
tums  ;  OT  the  flux  produced  by  the 
resultant  ampere-tums  OA  ;  Od — at 
right  angles  to  OT — ^the  inductive 
voltage  in  the  stator  winding  E  ;  and 
OV  (equal  and  opposite  to  Od)  the 
terminal  voltage. 

As  the  flux  is  in  the  direction  of 
the  excitation  axis,  a  torque  will  be 
produced  due  to>the  interaction  of 
the  armature  current  and  this  flux, 
since  the  two  latter  are  in  time-phase. 
The  torque  will  vary  with  the  inclina- 
tion of  the  brush  axis  (angle  a  in  Fig. 
48),  and  will  be  zero  for  two  brusn 
positions,  viz.  when  the  brushes  are 
in  line  with  the  axis  of  the  stator 
winding  (a=0°),  and  when  the  brushes  are  displaced  90  degrees  from 
this  position  (a=90°). 

The  magnitude  of  the  circulating  currents  in  the  coils  short-circuited 

*  The  armature  winding  may  be  regarded  as  a  compensating  winding  to  the 
winding  T»  and,  if  resistance  and  leakage  be  neglected,  there  cannot  be  any  resultant 
flux  along  the  energy  axis  when  the  armature  is  stationary. 


*V 


tc 

ViQ.  50. 


68  ELECTRIC  TRACTION 

I 

by  the  brushes  will  vary  with  the  position  of  the  brushes  (assuming  a 
single  stator  winding  as  in  Fig.  48).  Thus,  when  the  brush  axis  is  at  right 
angles  to  the  axis  of  the  stator  winding,  the  circulating  currents  are  a 
maximum,  but  the  armature  (and  stator)  current  is  a  minimum  ;  while, 
when  the  axis  of  the  brushes  coincides  with  the  axis  of  the  stator  winding, 
there  are  no  circulating  currents,  but  the  armature  (and  stator)  current 
is  a  maximum.  This  point  is  important  in  connection  with  speed 
control  by  brush  displacement. 

Running  conditions. — Let  us  now  consider  the  armature  to  l^e  run- 
ning and  doing  work.  As  we  are  neglecting  losses,  the  work  done  by 
the  armature  must  equal  the  energy  supplied  to  the  motor.  It  follows, 
therefore,  that  an  E.M.F.  must  be  induced  in  the  stator-winding,  in 
phase-opposition  to  the  current,  and  that  this  E.M.F.  must  be  overcome 
by  a  component  of  the  supply  voltage — ^in  phase  with  the  current — 
so  that  the  product  of  the  current  and  the  component  of  the  supply 
voltage  in  phase  with  it  shall  represent  the  power  developed  by  the 
armature. 

Now  the  electrical  energy  supplied  to  the  stator  must  be  transferred 
to  the  armature  in  order  to  be  converted  into  mechanical  energy,  and 
this  transference  of  energy  can  only  take  place  through  transformer 
action  along  the  energy  axis  of  the  motor,  i.e.,  the  mechanical  energy  de- 
veloped by  the  armature  must  he  supplied  to  it  as  electrical  energy  from 
the  stator  winding  T.  A  transformer  flux  must,  therefore,  be  produced 
along  the  energy  axis  of  the  motor ;  and  since  the  E.M.F.  induced  in 
the  winding  T  is  due  to  this  flux,  it  follows  that  the  latter  must  have  a 
phase-difference  of  90  degrees  from  the  supply  current ;  or,  in  other 
words,  the  jlux  along  the  energy  axis  must  have  a  phase-difference  of  90 
degrees  from  the  jlux  along  the  excitation  axis.  Moreover,  these  fluxes 
are  90  degrees  apart  in  space.  Hence  it  follows  that  the  resultant  flux 
in  the  motor  is  a  rotary  fiux,  and  if  the  magnitudes  of  the  two  components 
of  this  flux  are  equal,  then  the  motor  will  possess  a  uniformly  rotating 
field,  exactly  similar  to  that  in  a  two-phase  induction  motor ;  while, 
if  the  two  components  of  the  resultant  flux  are  not  equal  in  magnitude, 
then  the  motor  will  possess  an  elliptical  field. 

Now,  since  energy  is  transmitted  from  the  stator  to  the  armature 
by  induction,  it  follows  that  a  transformer  (or  static)  E.M.F.  must  be 
induced  in  the  armature  winding  by  the  component  of  the  flux  along 
the  energy  axis,  while  the  product  of  this  E.M.F.  and  the  component  of 
the  armature  current  in  phase  with  it  must  equal  the  power  supplied 
to  the  armature. 

Consider  for  the  moment  the  E.M.Fs.  in  the  armature.  The  static 
E.M.F.  will  have  a  phase-difference  of  90  degrees  from  the  flux  which 
produces  it,  and  will  be  in  phase  with  the  counter-E.M.F.  induced,  by 
this  flux,  in  the  stator  \idnding  T.  Hence  the  static  E.M.F.  will  be 
in  (time)  phase-opposition  with  the  excitation  flux.  But  by  the 
rotation  of  the  armature  in  the  excitation  flux,  a  dynamic  E.M.F.  is 
generated  in  the  armature  winding,  and  this  E.M.F.  is  in  (time)  phase 
with  the  excitation  flux.  Therefore  the  static  and  the  dynamic  E.M.Fs. 
oppose  each  other.  The  difference  between  these  E.M.Fs.  (t.e.  the 
resultant  E.M.F.  in  the  armature  circuit)  is  the  E.M.F.  which  overcomes 
the  resistance  losses  in  the  armature  circuit.  In  our  case  the  resistance 
of  the  armature  circuit  is  zero,  and  consequently  the  dynamic  E.M.F. 
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generated  in  the  armature  winding  by  its  rotation  in  the  excitation  flux 
must  equal,  at  all  times,  the  static  E.M.F.  induced  in  this  winding  by 
the  transformer  flux. 

We  can  now  obtain  the  relation  between  these  fluxes.  Thus,  if  we 
consider  a  sinusoidal  flux  distribution  and  a  distributed  armature  wind- 
ing, we  have  the  dynamic  E.M.F. 

and  the  static  E.M.F. 

(^.)=4.2^.?.T*,/xlO-«, (18) 

where  <^e,  ^t  denote  the  maximum  values  (in  megalines)  of  the  excitation 
and  transformer  fluxes  respectively,  T  denotes  the  turns  in  series  between 
the  brushes,  and  n,  p,  f  denote  respectively  the  speed  in  revolutions  per 
minute,  the  number  of  poles,  and  the  frequency  of  the  supply. 

Therefore,  since  E^=Es,  we  have 

whence  *e  X  t^= *<  x/. 

If  n,  is  the  synchronous  speed  of  the  motor  in  revolutions  per  minute, 
then  n,= — i-,  or/=r^ ;  and,  on  substituting  for  /  in  the  above  equa- 

> 

tion,  we  obtain  the  relation 

or  Ji=- •  .     (19) 

Hence,  at  synchronous  speed,  we  have  *!=*«,  and  therefore  the 
resultant  flux  is  a  revolving  one  of  constant  magnitude.  At  speeds 
below  syiichronism,  *<  is  smaller  than  ^^ ;  while,  at  speeds  above 
synchronism,  $<  ia  greater  than  $«.  Hence,  under  these  conditions,  the 
resultant  field  is  elliptical.  In  commercial  machines,  due  to  losses  and 
magnetic  leakage,  the  resultant  field  is  always  of  an  elliptical  nature, 
the  minimum  eccentricity  occurring  at  a  speed  slightly  above  syn- 
chronism. 

Now  the  ampere-turns  producing  the  transformer  flux  must  be  the 
resultant  of  the  armature  ampere-turns  and  the  ampere-turns  produced 
by  the  stator  \i^inding  T  (Fig.  49).  But  the  resultant  ampere-turns 
along  the  energy  axis  of  the  motor  differ  90  degrees  in  (time)  phase 
from  the  ampere-turns  produced  by  this  winding  Therefore  the  armature 
affvpere-tuma  must  have  itoo  com/ponenta,  viz.  one  component  in  phase- 
opposition  to  the  ampere-turns  produced  by  the  stator  winding  T,  and 
the  other  component  in  (time)  phase  with  the  resultant  ampere-turns. 
Thus,  in  the  vector  diagram  of  Fig.  51,  the  ampere-turns  producing  the 
transformer  flux  are  represented  by  CD,  and  the  ampere-turns  due  to 
the  stator  winding  T  are  represented  by  OB.  Hence  the  armature 
ampere-turns  must  be  represented  by  OF,  which  is  equal  to  the  vector 
difference  of  OD  and  OB. 
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The  vector  OF,  therefore,  gives  the  phase  of  the  armature  current, 
the  magnitude  of  which  is  represented  by  0/«.  The  components  of  this 
current — which  produce  the  components  OC  and  OD  of  the  armature 
ampere-turns — are  represented  respectively  by  O/,  and  Ola-  The  com- 
ponent 01  g  may  be  considered  as  the  compensating  current  to  the  current 
in  the  stator  winding. 

When  the  armature  is  stationary,  the  resultant  ampere-turns  along 
the  energy  axis  must  be  zero ;  and,  if  the  stator  ampere-turns  due  to 
the  winding  T  are  represented  by  OB,  the  armature  ampere-turns  must 
be  represented  by  —OB  or  OC.  Hence,  for  the  same  value  of  the  stator 
current,  the  armature  current  is  greater  when  the  armature  is  running 
than  when  the  armature  is  stationary. 

It  wdll  now  be  convenient  to  complete  the  vector  diagram  for  this 
motor.  In  Fig.  51  the  transformer  and  excitation  fluxes  are  repre- 
sented, in  magnitude  and  (time)  phase,  by  OX  and  OY  respectively. 

The  resultant  flux  is,  therefore,  represented 
in  magnitude  and  phase  by  OZ,  The  stator 
current  is  represented  by  01,  and  the  com- 
ponents of  the  stator  ampere-turns,  due  to 
the  windings  E  and  T,  are  represented 
respectively  by  OA  and  OB.  (These 
components  are  in  time-phase,  but  are  90 
degrees  apart  in  space. )  The  dynamic  E.M.F. 
(E^)  generated  in  the  armature  by  its  rota- 
tion in  the  excitation  flux  (OT)  is  represented 
by  Oc,  while  the  static  E.M.F.  (^,)  induced 
in  the  armature  by  the  transformer  flux  (OX) 
is  represented  by  Oh,  The  E.M.F.  induced 
in  the  stator  winding  T  by  the  transformer 
flux  is  represented  by  Oa\  the  E.M.F.  induced 
in  the  stator  winding  E  by  the  e^qcitation 
flux  is  represented  by  ad ;  and  the  internal 
voltage  of  the  motor  (i.e.  the  vector  sum  of 
Oa  and  ad)  is  represented  by  Od,  Thus  the 
terminal  voltage  is  given  by  OF  and  the 
power-factor  by  cos  <^.  Tie  power  supplied 
to  the  motor  is  given  by  OIxOV  cos  <t>(=OIxOa),  and  the  output  is 
given  by  OI^xOc  or  OlgXOb,      If  k  denotes  the  ratio  between  the 

armature  turns  and  the  turns  in  the  stator  winding  T,  then  0/.=  -r-, 

and  Ob=kOa  ;  so  that  01,  x  Ob=OI  x  Oa  =  0/  x  OF  cos  <f,. 

Operating  Features. — On  account  of  the  above  relation  between  the 
transformer  and  excitation  fluxes,  it  follows  that  as  the  speed  increases, 
OX  will  increase  and  OT  will  decrease,  so  that  the  power-factor  will 
improve. 

That  the  machine  has  a  series  characteristic  is  evident  from  the 
manner  in  which  the  excitation  flux  is  supplied  to  it.  Moreover,  in  the 
motor  with  a  single  stator  winding  (Fig.  48)  the  speed  for  a  given  current 
depends  on  the  position  of  the  brushes. 

In  virtue  of  the  uniformly  rotating  field  at  synchronous  speed,  the 
repulsion  motor  possesses  operating  features  which  are  unique  among 
alternating  current  machines.    Thus,  at  synchronous  speed,  there  is  no 


Fig.  51. 
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core  loss  in  the  armature,  and  there  are  no  circulating  currents  in  the 
coils  undergoing  commutation,*  so  that  the  commutation  will  only  be 
influenced  by  the  reactance  voltage. 

At  speeds  above  synchronism,  however,  the  transformer  flux  increases 
rapidly  with  the  speed,  f  thereby  resulting  in  large  core  losses  and  heavy 
circulating  currents  in  the  commutated  coils.  These  conditions  limit 
the  operating  speeds  of  repulsion  motors  to  the  neighbourhood  of  syn- 
chronous speeds,  and  where  higher  speeds  are  required  it  is  necessary 
to  provide  means  for  weakening  the  transformer  flux  in  the  commu- 
tating  zone. 

(&  low-frequency  systems  the  repulsion  motor  must,  inherently,  be 
a  low-speed  machine  with  relatively  few  poles.  Thus,  at  16  frequency, 
the  83mchronous  speeds  (which  may  be  considered  as  the  full  load,  or 
rated,  speeds  of  the  motor)  are  : 

Number  of  poles  ...         4  6  8  10 

Synchronous  speed  (r.p.m.) .         .     450        300        225        180 

A  repulsion  motor  for  operating  at  this  frequency  will,  therefore, 
be  considerably  heavier  than  a  series  motor,  since  the  rated  speed  of 
the  latter  would  be  chosen  to  correspond  to  about  twice  synchronous 
speed,  thereby  resulting  in  a  machine  with  more  poles  and  a  lighter 
magnetic  circuit  than  a  repulsion  motor.  It  is  apparent,  then,  that 
the  low  frequencies  (15  cycles  and  below)  which  are  desirable  for  series 
motors,  do  not  lead  to  economical  proportions  in  repulsion  motors,  and 
the  latter  machines  are  better  suited  for  moderate  frequencies  of  25 
cycles  and  upwards.}  On  the  other  hand,  the  operating  voltage  of  a 
repulsion  motor  is  not  limited  to  low  voltages,  such  as  would  be  required 
for  a  series  motor ;  in  fact,  the  stator  winding  of  a  repulsion  motor  can 
be  designed  for  the  full  line  voltage  in  the  same  manner  as  that  of  a 
polypha^  motor. 

Having  discussed  the  principal  features  of  the  ordinary  repulsion 
motor  (which  features  are  to  some  extent  common  to  all  classes  of  re- 
pulsion motors),  we  will  now  consider  the  modifications  of  this  motor 
which  have  been  developed  to  suit  the  requirements  of  electric  traction. 

The  Compensatbd-Repulsion  Motor 

The  compensated-repulsion'  motor  is  represented  diagrammaticaUy 
in  Rg.  52,  which  should  be  compared  with  Fig.  49  (p.  67).    The  axis 

*  Since  the  resultant  field  is  stationary  relative  to  the  armature,  the  trans- 
former field  ^i  may  be  regarded  as  a  commutating  field  for  the  coils  short-circuited 
by  the  brushes.  At  synchronism,  the  djmamic  (or  commutating)  E.M.F.  generated 
in  these  coils  by  their  motion  in  the  flux  ^t  exactly  neutralises  the  static  (or  trans- 
former) E.M.F.  induced  by  transformer  action  from  the  flux  4>e.  At  speeds  below 
synchronism,  the  commutating  E.M.F.  is  smaller  than  the  transformer  E.M.F., 
while,  at  spcieds  above  sjnichronism,  the  commutating  E.M.F.  becomes  too  strong, 
and  in  both  these  cases  circulating  currents  will  be  produced  in  the  coils  under- 
going commutation. 

t  If  t^t  is  the  value  of  the  transformer  field  at  synchronous  speed  (ns),  then,  at 
a  speed  n,  the  transformer  field  will  have  a  value  given  by 


"*'='*'(?,)• 


X  In  this  connection  see  an  article  on  *'  The  Calculation  of  Single-phase  Commu- 
tator Motors,."  by  J.  Fischei^Hinnen  {The  Electrician,  vol.  63,  p.  939). 
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of  the  short-circuited  brushes  coincides  with  the  axis  of  the  stator 
winding  T,  while  at  right  angles  to  the  former  is  another  set  of  brushes 
(called  the  ^^  exciter  hrusJies^^),  which  are  connected  either  directly  in 
series  with  the  stator  winding  (Fig.  52a)  or  to  the  secondary  of  a 
current  transformer,*  the  primary  o?  which  is  in  series  with  the  stator 
winding,  as  indicated  in  Fig.  526.  From  a  comparison  of  Figs.  49 
and  62a  it  will  be  apparent  that  the  position  of  the  exciter  brushes 
(Fig.  52a),  and  their  connection  in  series  with  the  stator  winding  T,  is 
equivalent  to  the  transfer  of  the  excitation  winding  (E)  of  Fig.  49  to  the 
armature. 

Hence,  in  the  compensated-repulsion  motor,  the  armature  winding 
fulfils  thiee  functions,  viz. :  (1)  it  acts  as  a  compensating  winding  to  the 
stator  x^inding  T ;  (2)  it  forms  the  excitation  winding ;  (3)  it  is  the 
means  whereby  the  transformer  flux  *,  is  produced.  As  the  number 
of  turns  in  the  excitation  winding  is  now  equal  to  the  armature  turns, 
it  is  only  in  special  cases  that  the  exciting  current  will  be  equal  to  the 


Fia.  52a. 


FiQ.  52&. 


main  (stator)  current.  In  other  cases,  the  required  value  of  the  exciting 
current  (to  give  the  correct  number  of  exciting  ampere-turns)  will  have 
to  be  obtained  from  a  current  (or  auto-)  transformer  in  the  main  circuit. 

The  utilisation  of  the  armature  winding  for  excitation  purposes  intro- 
duces two  important  advantages  into  the  performance  of  the  motor : 
first,  the  leakage  flux — ^which  occurs  between  the  armature  and  field 
windings  in  normal  machines — ^is  entirely  eliminated ;  and  second, 
practically  complete  compensation  of  the  inductive  voltage  in  the  exci- 
tation winding  can  be  obtained  at  a  certain  speed,  so  that  at  this  speed 
the  motor  will  operate  at  practically  unity  power-factor. 

The  phase-compensation  is  obtained  in  the  following  manner.  When 
the  armature  is  rotating,  the  resultant  (revolving)  flux  may  be  resolved 
into  two  components  (viz.  the  excitation  flux  ^^  and  the  transformer 
flux  <>|),  which  are  displaced  90  degrees  from  each  other  in  time  and 
space,  as  in  the  ordinary  repulsion  motor.  The  rotation  of  the  armature 
in  the  transformer  flux  #|  produces  a  dynamic  E.M.F.  (called  the  com- 
pensating E.M.F.)  between  the  exciter  brushes,  which  is  proportional 
to  (*|Xw),  and  is  in  phase-opposition  with  the  flux  <><.  Hence  this 
dynamic  E.M.F.  has  a  phase-difference  of  90  degrees  (leading)  from  the 
excitation  flux  #«  and  the  exciting  current  (assuming  the  latter  to  be  in 
phase  with  the  excitation  flux  ^^). 

Now  the  E.M.F.  of  self-induction,  produced  by  the  exciting  current 


^  An  auto-transformer  can  be  used  on  low  voltage  machines. 
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in  the  armature  winding,  has  a  phase-difference  of  90  degrees  (lagging) 
from  the  exciting  current.  Therefore  the  dynamic  E.M.F.  will  tend  to 
neutralise,  or  compensate,  the  E.M.F.  of  aelf-induction.  A  reference  to 
the  space  diagrams  of  Fig.  53  will  confirm  this  result. 

In  the  case  of  an  ideal  motor,  we  have  shown  that  the  transformer 
flux  is  equal  to  the  excitation  flux  when  the  armature  is  running  at  syn- 
chronous speed ;  and  since  the  compensating  E.M.F.  is  proportional  to 

(  *,X^k).*  while  the  E.M.F.  of  self-induction  is  proportional  to  {*(X/), 

it  follows  that  these  two  E.M.Fs.  will  exactly  neutralise  each  other  at 
synchronous  speed,  thereby  giving  a  power-factor  of  unity. 

Further  consideration  shows  that,  at  speeds  above  synchronism 
(when  *t  is  greater  than  *,),  over-compensation  of  the  inductive  voltage 
will  occur,  and  the  stator  current  will  lead  the  terminal  voltage  ;  while, 
at  speeds  below  synchronism,  under-compensation  will  take  place. 


FiO.  53. — Space  DiagramB  for  Compensate d^Repuleion  Motor.  Note. — The  rif^t- 
band  diagram  has  a  time  |^aae-diSei«noe  «f;00°  (lagjjfrom  the  left-hand  dia- 
^m.  The  diieotions  of  the  E.M.Fa.  in  the  armnture^oonductorH  are  indicated 
m  the  diagrams. 

In  commercial  machines,  due  to  leakage  reactance,  hysteresis,  and 
resistance,  *,  will  not  be  equal  to  *,  at  synchronous  speed,  aud  these 
fluxes  will  not  be  exactly  in  quadrature ;  so  that  the  maximum  power- 
factor — which  may  be  slightly  less  than  unity — will  occur  at  a  speed 
slightly  above  synchronism. 

Let  us  now  consider  the  conunatation  at  the  two  sets  of  brashes. 
Obviously,  at  synchronous  speed,  we  have  only  to  consider  the  reactance 
voltage  in  the  commutated  coils.  At  other  speeds,  the  commutating 
conditions  at  the  short-circuited  brushes  will  be  of  exactly  the  same 
nature  as  those  in  the  plain  repulsion  motor,  and  if  operation  at  hyper- 
synchronous  speeds  is  required,  a  local  commutating  flux  (in  opposition 
to  the  transformer  flux)  must  be  provided.  On  the  other  hand,  the 
commutating  conditions  at  the  exciter  brushes  are  perfectly  satisfaetory 
at  all  practicable  speeds,  and  only  the  reactance  voltage  has  to  be 
considered.  Thus,  at  starting,  the  transformer  flux  ^,  is  small,  so  that 
the  E.M.F.  induced  by  this  flux  in  the  coils  short-circuited  by  the  exciter 
brushes  will  be  small ;  while,  when  the  armature  ia  rotating,  the  E.M.F. 
induced  in  these  coils  by  the  transformer  action  of  the  flux  ^,  is,  in  an 
ideal  motor,  exactly  neutralised  by  the  dynamic  E.M.F.  generated  by 
the  rotation  of  these  coils  in  the  exciting  flux  4>,. 

n  p.  69,  for  the  dynamic  and  etatio  E.H.Fs.  in  the 


74 


ELECTRIC  TRACTION 


The  compensated-repulsion  motor  with  a  variable  ratio  exciter 
transformer  (Fig.  52&)  has  an  advantage  over  the  machine  with  direct 
excitation  (Fig.  52a)  in  that  the  excitation  flux  (^^)  can  be  regulated. 
Under  starting  conditions  this  flux  can  be  reduced,  thereby  reducing 
the  tran8former-E.M.F.  (due  to  the  excitation  flux),  and  the  circulating 
currents  in  the  coils  short-circuited  by  the  main  brushes.  The  magni- 
tude of  the  transformer-E.M.F.  at  starting  is  a  limiting  feature  in  the 
design  of  a  repulsion  motor,  in  the  same  way  as  this  E.M.F.  is  a  limiting 
feature  in  the  design  of  a  series  motor.  The  previous  remarks  on  this 
subject  apply  equally  well  in  the  present  case. 

Vector  diagram  for  the  compensated-reptdsion  motor.— The  vec- 
tor diagram  for  a  commercial  motor  is  somewhat  complicated,  on  account 
of  the  large  number  of  E.M.Fs.  which  have  to  be  considered.  It  will 
assist  matters,  however,  if  we  consider  first  the  relation  of  these  E.M.Fs. 
in  an  ideal  motor.  As  a  further  simplification  we  shall  assume  that  the 
armature  has  two  independent  windings  and  commutators — one  winding 
(E)  being  used  for  excitation  purposes,  and  the  other  (A)  for  the  produc- 
tion of  the  torque.  Under  these  circumstances  we 
shall  not  need  a  transformer  in  the  exciting  circuit, 
and  the  exciting  current  will  be  equal  to  the  stator 
current. 

In  Fig.  54,  let  01  represent  the  stator  (and  ex- 
citing) current.  The  excitation  flux  ^^  ^^  ^  phase 
with  this  current,  and  is  represented  by  OY.  The 
transformer  flux  %  lags  90  degrees  from  the  excita- 
tion flux,  and  is  represented  by  OX, 

In  the  armature  winding  A  we  have  two  equal 
E.M.Fs. — one  (E^)  produced  by  the  rotation  of  the 
armature  in  the  excitation  flux  4>^,  while  the  other 
(Eg)  is  produced  by  the  alternations  of  the  trans- 
former flux  4>|,  and  therefore  has  a  phase-difference 
of  180  degrees  from  E^,  These  E.M.Fs.  are  re- 
presented in  Fig.  54  by  Oh  and  Oa  respectively. 

The  transformer  flux  also  induces  an  E.M.F.  (E) 
in  the  stator  winding.  This  E.M.F.  is  in  time 
phase  with  E^,  and  its  magnitude  is  represented 
byOe. 

The  E.M.Fs.  in  the  exciting  winding  are :  (1) 
the  E.M.F.  of  self-induction  («/;)— lagging  90  degrees  from  4>« ;  and  (2)  the 
dynamic  or  compensating  E.M.F.  (e^~\i\  phase-opposition  to  ej^.  As  the 
internal  voltage  of  the  motor  is  compounded  from  the  counter-E.M.F. 
(E)  in  the  stator  winding,  and  the  resultant  E.M.F.  (ei^±e^  in  the 
exciting  winding,  we  complete  the  diagram  of  Fig.  54  as  follows :  Set 
off  eg  (at  right  angles  to  Ot)  to  represent  ej^ ;  and  gk,  along  ge,  to 
represent  e^ ;  therefore  ek  represents  the  resultant  E.M.F.  in  the  exciting 
winding,  and  Ok  represents  the  internal  E.M.F.  of  the  motor.  The 
terminal  voltage  OF  is  equal  to  and  in  phase-opposition  with  Ok. 

This  diagram  shows  that,  at  synchronous  speed  (when  e^=ei)y  the 
power-factor  will  be  unity,  and  that,  at  speeds  above  and  below  syn- 
chronism, the  power-factor  will  be  less  than  unity. 

The  resultant  current  in  the  armature  winding  A  must  be  such  that 
the  ampere-turns  for  the  production  of  the  transformer  flux  (the  value 


Fig.  54. 
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of  which  is  known  from  E,)  are  the  resultant  of  the  stator  ampere-turns 
and  the  armature  ampere-turns.  Hence,  if  OC  (along  OX)  represents 
the  ampere-turns  to  produce  the  tra^ormer  flux,  and  OD  represents 
the  stator  ampere-turns,  then  OE  will  represent  the  ampere-turns  due 
to  the  resultant  armature  current.  This  current,  as  has  already  been 
shown  (see  p.  70)  is  due  to  two  components  in  quadrature,  one  of  these 
components  being  in  pha8e-opxK)sition  with  the  stator  current,  while  the 
other  component  is  in  phase  with  the  transformer  flux. 

In  the  diagram  for  a  commercial  motor  we  have  to  consider  the 
effects  of  resistance,  magnetic  leakage,  leakage-reactance,  hysteresis,  and 
circulating  currents  (in  the  coils  undergoing  commutation  at  the  short- 
circuited  brushes).  Moreover,  we  have  two  currents  in  the  armature 
winding,  viz.  the  exciting  current  and  the  main  current.  An  examina- 
tion of  Fig.  55  will  show  that  these 
currents  do  not  interfere  with  each 
other,  but  simply  result  in  an  unequal 
distribution  of  current  in  the  different 
portions  of  the  armatiire  winding.  If  r 
is  the  resistance  of  the  armature  be- 
tween each  set  of  brushes,  /^  the  cur- 
rent passing  through  the  short-circuited 
brushes,  and  I  the  exciting  current, 
the  total  resistance  loss  in  the  arma- 
ture is  equal  to 

and  the  voltage  drop  in  the  armature 
is  equal  to  I^r+Ir.  Thus  each  cur- 
rent produces  its  own  resistance  drop 
in  exactly  the  same  manner  as  if  the 
other  current  were  non-existent. 

In  constructing  the  general  diagram  * 

of  Fig.  56,  the  reaction  of  the  circulating  currents  upon  the  excitation 
flux  ^«  is  obtained  in  a  manner  similar  to  that  adopted  for  the  series 
motor  (see  p.  65),  and  is  shown  in  Fig.  56a.  In  this  diagram,  OT 
represents  the  excitation  flux,  and  OX  the  transformer  flux.  The 
transformer  E.M.F.  induced  in  the  commutated  coils  by  the  excitation 
flux  is  represented  by  Oz,  the  d3mamic  (or  commutating)  voltage  generated 
in  these  coils  by  their  rotation  in  the  transformer  (or  commutating  flux) 
is  represented  by  zy*  while  the  reactance  voltage  is  represented  by  yx,* 
thereby  giving  a  resultant  voltage  in  the  commutated  coils  which  is 
represented  by  Ox.  The  circulating  currents — ^and  consequently  the 
ampere-tuins  produced  by  them — ^may  be  considered  to  be  in  phase 
with  Ox. 

Hence,  if  OB  (Fig.  56)  represents  the  saturation  ampere-turns  re- 
quired for  the  excitation  flux  4>^,  the  ampere-turns  to  be  produced 
by  the  excitation  winding  will  be  represented  by  OA — the  vector 
difference  of  OB  and  the  ampere-turns  (OC)  due  to  the  circulating 
currents.  The  phase  of  the  exciting  current — ^and  also  that  of  the 
stator  current — can,  therefore,  be  represented  by  OA . 

Along  or  set  off  Ob  to  represent  the  dynamic  E.M.F.  (Ea)  gene- 

*  The  phase  and  magnitude  of  zy  and  yx  must  be  provisionally  assumed,  and 
afterwards  checked  when  the  phase  and  magnitude  of  the  transK>rmer  flux  and 
the  main  armature  current  are  obtained. 
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rated  in  the  armature  by  its  rotation  in  the  flux  $«  (the  magnitude  of 
this  voltage  is  known  when  the  speed  and  4»«  are  known).  The  static 
E.M.F.  (E^)  induced  in  the  armature  by  the  transformer  flux  must  be 
sufficient  not  only  to  neutralise  E^,  but  also  to  overcome  the  impedance 
voltage  due  to  the  main  armature  current.  Therefore,  compound  with 
Oh  the  impedance  triangle  bed  due  to  the  main  armature  current,  the 
phase  and  magnitude  of  which  must  be  assumed.  Then  Od  is  equal 
to,  and  in  phase-opposition  with,  the  static  E.M.F.  (E^)  which  must 
be  induced  in  the  armature  by  the  transformer  flux  ^/,  the  magni- 
tude and  phase  of  the  latter  being  represented  by  OX  (at  right  angles 
to  Od). 

Along  OX  set  off  OD  to  represent  the  ampere-turns  necessary  to  send 
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this  flux  (4»t)  through  the  magnetic  circuit.  These  ampere-turns  must 
be  the  resultant  of  the  armature  ampere-turns  (due  to  the  main  current) 
and  the  stator  ampere-turns.  The  latter  are  represented  by  OA^  and 
therefore  the  armature  ampere-turns  are  given  by  OF,  which  also  repre- 
sents the  phase  of  the  main  armature  current. 

We  will  now  obtain  the  terminal  voltage  of  the  motor.  In  the 
present  case  this  voltage  is  the  resultant  of  five  different  voltages,  viz. : 

(1)  The  E.M.F.  induced  in  the  stator  winding  by  the  transformer 
flux — represented  by  Oe  (in  phase-opposition  to  Od). 

(2)  The  E.M.F.  due  to  the  leakage  reactance  of  the  stator  winding 
and  the  current  transformer  (if  any)— represented  by  e/  (at  right  angles 
toO^). 

(3)  The  E.M.F.  of  self-induction  in  the  exciting  circuit  of  the  arma- 
ture winding  —represented  hyfg  (at  right  angles  to  OF). 
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(4)  The  resistance  drop  in  the  exciting  circuit  of  the  armature  wind- 
ing— ^represented  by  gh  (parallel  to  OA). 

(6)  The  compensating  E.M.F.  in  the  exciting  circuit,  due  to  the  rota- 
tion of  the  armature  in  the  transformer  flux  OX— represented  by  hk 
(parallel  to  OX). 

Hence  the  internal  voltage  of  the  motor  is  represented  by  Ok,  while 
OV — equal  and  opposite  to  Ok — ^represents  the  terminal  voltage. 

The  Sbbibs-Repulsion  (or  Doubly-Fbd)  Motor 

This  motor  is  a  modification  of  the  repulsion  motor,  and  is  capable 
of  operating  satisfactorily  at  speeds  considerably  above  synchronism. 
Thus  the  principal  objection  to  the  repulsion  motor  (viz.  the  restriction 
to  speeds  in  the  neighbourhood  of  synchronism)  is  overcome.  It  is  prob- 
able that  for  low-frequency  circuits  the  doubly-fed  motor  will  compete 
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successfully  with  the  series  motor,  while  it  will  entirely  supersede  the 
compensated-repulsion  and  simple-repulsion  motors. 

The  characteristic  feature  which  distinguishes  this  motor  from  all 
other  series  and  repulsion  motors  is  that  the  motor  possesses  a  trans- 
former- or  cross-field  which  can  he  regulated,  so  that  satisfactory  commu- 
tation can  be  obtained  over  a  very  wide  range  of  speeds. 

As  far  as  constructional  features  are  concerned,  the  doubly-fed 
motor  resembles  a  repulsion  motor  for  reversible  operation  (see  Fig.  49), 
and  the  stator  has  two  distributed  windings  with  their  magnetic  axes 
at  right  angles  to  each  other.  The  armature,  however,  is  arranged  for 
connection  to  the  supply  circuit,  either  independently  of  the  stator 
windings  (as  in  Fig.  57a)  or  in  conjunction  with  one  of  the  stator  wind- 
ings (as  in  Fig.  576).  Hence  the  currents  in  the  armature  and  stator 
windings  differ  from  each  other. 

At  starting,  the  brushes  may  be  short-circuited,  so  that  the  machine 
operates  as  a  repulsion  motor,  and  the  connections  may  be  changed 
automatically  at  synchronous  speed,  so  that  the  machine  operates  as 
a  doubly-fed  motor.  In  many  cases,  however,  satisfactory  operation 
may  be  obtained  by  operating  the  machine  throughout  as  a  doubly -fed 
motor. 
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When  connected  a43  a  doubly -fed  motor,  energy  is  transmitted  from 
the  stator  to  the  armature  in  two  ways,  viz.  (1)  directly,  through  the 
connection  of  the  brushes  to  the  stator  circuit,  and  (2)  indirectly,  by 
means  of  the  transformer  flux,  as  in  the  repulsion  motor.  The  higher 
the  speed  is  above  synchronism,  the  greater  is  the  percentage  of  the 
energy  transmitted  dLrectly  to  the  armature,  so  that,  under  these  con- 
ditions, the  operating  features  of  the  machine  resemble  those  possessed 
by  a  series  motor.  At  speeds  in  the  neighbourhood  of  synchronism,  the 
armature  receives  practically  the  whole  of  its  energy  indirectly,  and  the 
operating  features  of  the  machine  are  then  similar  to  those  possessed 
by  a  repulsion  motor. 

Let  us  now  obtain,  for  an  ideal  motor,  the  relations  between  the 
speed,  the  flnzes,  and  the  voltage  to  be  applied  to  the  armature,  in 
order  to  obtain  satisfactory  operation  at  hyper-synchronous  speeds.  If 
we  neglect  the  reactance  voltage  in  the  commutated  coils,  then  the  con- 
dition for  ideal  commutation  is  that  the  transformer-E.M.F.  induced  in 
the  commutated  coils  by  the  excitation  flux  shall  be  neutralised  by  the 
dynamic-E.M.F.  generated  in  these  coils  by  their  rotation  in  the  trans- 
former flux.  Hence,  if  ,j4>^,  ,»*<  denote  respectively  the  excitation  and 
the  transformer  fluxes  at  an  armature  speed  n,  and  O',  denotes  the  value 

ft 
of  the  transformer  flux  required  for  ideal  commutation,  then  ^\=^^^  — ^ 
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(w,  being  the  synchronous  speed).    But  ^'=—  (see  p.   69),   whence 
—  ],»*<.     Therefore,  in   order  to  obtain  ideal  commutation  at 

this  speed  (n),  the  transformer  flux  „4>|  must  be  reduced  to  (— j  «*«, 

while  the  excitation  flux  must  retain  its  value  ^^^.  If,  however,  the 
transformer  flux  is  reduced,  the  speed  of  the  motor  will  be  affected, 
since  the  dynamic-E.M.F. — generated  in  the  armature  by  its  rotation 
in  the  excitation  flux — ^must,  at  all  times,  balance  the  static-E.M.F. 
induced  in  the  armature  by  the  transformer  flux.  It  is  apparent,  then, 
that  if  the  speed  is  to  be  maintained  at  its  original  value  (n),  an  E.M.F. 
must  be  introduced  into  the  armature — via  the  brushes — ^in  order  to 
equalise  the  d3mamic-  and  static-E.M.Fs. 

If  E^,  JE?.,  E\  denote  respectively  the  E.M.Fs.  in  the  armature  due  to 
the  fluxes  ,j4>ei  n^u  »*'<>  and  1?«  denotes  the  external  E.M.F.,  corresponding 

toaspeedw,then^tf=ir.^*e-w;  Eg=K,n^i,n/,  E\=K .^'^\,ng=K(-^j  ^%n^ 
(see  p.  69). 

Since  E^+E\=Ea,  and  E,=Ea,  we  have  E^=E,—E\,  or 

^-=^<i-f)=<i-&y) <20) 

Now,  when  the  machine  is  running  as  a  repulsion  motor,  the  E.M.F. 
(E)  induced  in  the  transformer  axis  of  the  stator  winding — ^by  the  trans- 
former flux  „*| — ^may  be  represented  by  kE\y  {k  being  the  ratio  of  trans- 
formation), and  this  E.M.F.  is  equal  in  magnitude  to  the  energy  com- 
ponent of  the  stator  terminal  voltage.    Therefore,  in  the  doubly-fed 
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motor,  the  energy  component  of  the  supply  voltage  must  be  divided 

between  the  stator  and  the  armature  in  the  ratio  of  k  (— j   :  ( 1— (~)  )• 

At  speeds  considerably  in  excess  of  synchronism,  practically  the  whole 
of  the  energy  input  to  the  motor  is  supplied  directly  to  the  armature. 

At  speedB  below  synchronism  the  transformer  flux  must  be  increased, 
and  a  reversed  voltage  must  be  applied  to  the  armature.  It  is,  however, 
more  difficult  to  obtain  ideal  commutation  under  these  conditions,  as 
the  saturation  of  the  magnetic  circuit  imposes  a  limit  to  the  magnitude 
of  the  transformer  flux.  Hence,  if  the  machine  is  to  be  operated  through- 
out as  a  doubly-fed  motor,  the  circulating  currents,  at  low  speeds,  must 
be  kept  within  reasonable  values  by  methods  similar  to  those  adopted 
in  series  motors.  These  objections  are  removed  by  starting  the  machine 
as  a  repulsion  motor  and  changing  it  to  a  doubly-fed  motor  during  the 
accelerating  period. 

The  doubly-fed  motor,  therefore,  combines  the  advantages  of  a 
repulsion  motor  with  those  of  a  series  motor,  and  enables  satisfactory 
operation  to  be  obtained  over  a  wide  range  of  speeds.  The  voltage  of 
the  motor  cannot  be  selected  in  the  same  arbitrary  manner  as  that  of 
a  repulsion  motor,  but  it  is  permissible  to  adopt  voltages  higher  than 
those  required  by  series  motors. 


The  BRUSH-SmmNG  Repulsion  (or  Diai)  Motor 

In  the  above  discussion  of  the  simple  repulsion  motor  we  stated  that 
the  torque  and  speed  were  influenced  by  the  position  of  the  brushes. 
Hence  it  would  be  possible  theoretically  to  control  the  speed  of  the  motor 
by  shifting  the  brushes.  In  practice,  however,  such  a  method  of  control 
has  several  disadvantages;  thus,  the  machine  would  be  very  sensitive 
to  brush  position  {i,e.  a  small  movement  of  the  brushes  would  produce 
a  large  variation  in  the  torque),  while,  when  the  brushes  were  in  the 
position  corresponding  to  zero 
torque,  excessive  circulating  cur- 
rents would  be  produced  in  the 
armature  coils  short-circuited  by 
the  brushes. 

These  objections  are  overcome; 
in  the  Deri  repulsion  motor,  by 
the  use  of  a  double  set  of  brushes, 
one  set  being  fixed  permanently 
in  position — with  the  axis  of  the 
brushes  coinciding  with  the  axis 
of  the  stator  winding — while  the 
other  set  is  arranged  on  a  mov- 
able rocker,  so  that  these  brushes 
can  be  displaced  relatively  to  the  fixed  brushes.  The  fixed  and 
movable  brushes  are  interconnected  in  the  manner  indicated  in  Fig.  58, 
which  represents  diagrammatically  the  connections  of  a  two -pole 
motor.  If  this  diagram  be  compared  with  that  for  the  simple 
repulsion  motor  (see  Fig.  48,  p.  66),  it  will  be  found  that,  in  one  case 
(Kg.  48),  the  magnetic  axis  of  the  armature  coincides  with  the  axis  of 
the  brushes;  while,  in  the  other  case  (Fig.  58),  the  magnetic  axis  of  the 
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armature  coincides  with  the  line  bisecting  the  angle  between  the  fixed 
and  movable  brushes  which  are  interconnected.  In  each  diagram 
(Figs.  48,  58)  the  angle  between  the  magnetic  axes  of  the  stator  and 
armature  is  denoted  by  a,  which,  for  the  simple  repulsion  motor,  corre- 
sponds to  the  angle  of  displacement  of  the  brushes  from  the  position  of 
zero  torque  ;  but  with  the  D6ri  motor  this  angle  (a)  corresponds  to  only 
one-half  of  the  angle  of  displacement  of  the  brushes  (6).  Hence,  in  the 
D^ri  motor,  the  brush  displacement  corresponding  to  the  two  positions 
of  zero  torque  is  180  degrees,  as  against  90  degrees  in  the  case  of  the 
ordinary  repulsion  motor. 

But  there  are  other  differences  of  considerable  importance.  Thus, 
when  the  movable  brushes  are  in  line  with  the  fixed  brushes  to  which 
they  are  connected  (6=0°),  there  is  no  current  in  any  portion  of  the 
armature  winding.  Consequently,  when  the  stator  is  excited,  only  the 
magnetising  current  will  pass  into  the  stator  winding.  Moreover,  when 
.the  movable  brushes  are  displaced  from  the  fixed  brushes,  only  a  portion 
of  the  armature  conductors,  viz.  those  embraced  in  the  ansle  of  brush 
displacement  (see  Fig.  58),  are  acted  upon  by  the  stator  windmg.  Hence 
the  torque  will  increase  gradually  with  the  brush  displacement,  and,  in 
general,  the  maximum  torque  will  correspond  to  a  large  brush  displace- 
ment.* 

The  D^ri  motor  possesses  the  same  general  operating  characteristics 
as  the  simple  repulsion  motor.  It  is,  however,  essentially  an  adjustable 
-speed  machine,  as  well  as  a  variable  speed  one,  and  therefore  the  speed 
control  of  the  motor  in  either  direction  of  rotation  is  much  simpler 
than  with  other  tjrpes  of  repulsion  motors.  Moreover,  by  means  of 
resistance  connected  between  the  brush  sets  it  is  possible  to  alter  the 
character  of  the  speed  curve  and  to  obtain  regenerative  braking,  f 

The  commutation  at  speeds  in  the  neighbourhood  of  synchronism  is 
equal  to  that  of  other  t3rpes  of  repulsion  motors,  and  is  unaffected  by 
the  position  of  the  brushes.  At  other  speeds  the  conmiutating  condi- 
tions at  the  two  sets  of  brushes  are  not  identical,  and  while  it  is  possible 
to  improve  the  commutation  at  the  fixed  brushes  by  means  of  auxiliary 
devices  {e,g,  commutating  poles),  these  devices  cannot  be  used  in  con- 
nection with  the  movable  brushes  on  account  of  their  variable  position. 

It  will  be  of  interest  to  discuss  the  manner  in  which  the  operation 
and  commutation  are  influenced  by  the  double  set  of  brushes 

and  the  brush  displacement.  As  the  number  of  active  armature 
conductors  and  also  the  magnetic  axis  of  the  armature  are  not  constant, 
but  depend  on  the  brush  displacement,  it  will  be  necessary  to  reuolve 
the  active  armature  turns — corresponding  to  a  given  brush  displace- 
ment 6  (Fig.  58) — ^into  two  components  mutually  at  right  angles,  the 
direction  of  one  component  coinciding  with  the  magnetic  axis  of  the 
stator.  Thus,  in  a  two-pole  machine,  if  6  is  the  angle  of  brush  displace- 
ment, a  (=^6)  the  angle  between  the  magnetic  axes  of  stator  and  arma- 
ture, 2T  the  total  number  of  armature  turns,  and  /^  the  total  armature 
current,  then  the  armature  ampere-turns  (which  are  equal  to  I^Tajtr) 

*  By  suitable  desigiit  it  is  possible  to  arrange  for  the  maxiTniini  torque  (with 
the  armature  stationary)  to  correspond  to  a  brush  displacement  cus  large  as  155 
degrees,  while  the  curve  connecting  torque  and  brush  displcM^ement  may  be  made  to 
approximate  to  a  straight  line  for  brush  displacements  above  90  degrees.  See  "  The 
Control  of  Repulsion  Motors  by  Brush  Displacement,"  by  K.  Schnetzler  (The 
Electrician,  vol.  60,  p.  438). 

t  See  Electric  Motara,  Hobart,  p.  678. 
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can  be  resolved  into  the  components  laTaj-^  cos  a,  in  the  direction  of  the 
stator  axis,  and  I^Tajir  ein  a  at  right  angles  thereto.  These  components 
are  represented  iu  Fig.  596  by  OP  and  OQ  respectively,  the  total  armature 
ampere-tums  being  represented  by  OR.  Obviously  we  can  consider 
that  the  components  OP,  OQ  are  produced  by  the  armatuie  current 
(/,)  circulating  in  two  coils  T,  E  (Fig.  59a) — at  right  angles  to  each  other — 
if  the  number  of  turns  in  coil  T  are  Ta/ir  cos  a,  and  those  in  coil  E  are 
Ta/r  sin  a. 

Since,  with  the  armature  stationary,  the  current  /„  is  produced  by 
induction,  the  ampere-tums  of  the  coil  T  must  act  in  opposition  to  the 
stator  ampere-tums.  Hence  the  resultant  ampere-tums  in  the  direction 
PO  will  be  (/r,— /,ra/ir  cos  a),  where  /  is  the  stator  current  and  T,  is  the 
number  of  turns  in  the  stator  winding.    If  4>,  is  the  flux  produced  (in 


the  direction  PO)  by  these  ampere-tums,  and  *,  the  flux  produced  by  the 
component  OQ  of  the  armature  ampere-tums,  the  resultant  flux  *  will  be 

given  by  *=V*J+**,  which  will  be  displaced  by  an  angle /3f==tan-^J 

from  the  magnetic  axis  of  the  stator.  The  stator  current  (/)  must  be 
such  that  (ncglcctmg  losses  and  leakage)  the  flux  4>,  will  induce  in  the 
coil  T  (Fig.  59a}  an  E.M.F.  sufficient  to  overcome  the  E.M.F.  induced 
iu  the  coil  E  by  the  flux  *,.  We  have  then  conditions  similar  to  those 
in  the  simple  repulsion  motor. 

The  magnitude  and  phase  of  the  resultant  flux  4>  will  vary  with  the 
position  of  the  movable  brushes.  Thus,  when  the  brush  displacement 
(6)  is  zero,  *=*„  ^=0,  and  *,=0.  The  stator  current  will  then  be  a 
minimum.  When  the  brush  displacement  is  180  degrees,  *„  *„  and 
4>  are  all  zero,  and  the  machine  is  equivalent  to  a  short-circuited  trans- 
former. 

The  torque  is  proportional  to  the  product  of  the  armature  ampere- 
tums  and  the  flux  *  :  it  is  obviously  zero  when  8=0,  and  when  6=180 
degrees.  As  the  armature  ampere-tums  increase  rapidly  for  brush  dis- 
placements above  90  degrees,  it  follows  that  the  maximum  torque  will 
occur  at  some  brush  displacement  between  90  degrees  and  180  degrees. 
It  must  be  observed,  however,  that  the  coils  short-circuited  by  the  fixed 
brushes  are  subjected  to  transformer  action  from  the  flux  $„  and  the 
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e-pliHBO  Scrii'S  Motor; 
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Pia.  62. — WeetiughouBe  Single-phaae  Seriee  Motor  with  Armature  Removed. 
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circulating  currents  in  these  coils  may  prevent  the  utilisation  of  the 
maximum  torque.    In  some  cases  the  circulating  currents  are  limited 
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by  increasmg  the  reluctance  in  the  path  of  the  flux  *,  (e.g.  by  arramrinff 
slots  m  the  core  so  that  they  offer  a  high  reluctance  to  the  flux  *and 
a  relatively  low  reluctance  to  the  flux  *,).*  " 

♦  See  The  Electrician,  vol.  GO,  p.  439. 
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II  we  consider  the  armature  to  be  revolving,  then  dynamic -E.M. Fa. 
will  be  generated  in  the  coils  T  and  E  (Fig.  59a)  due  to  their  rotation 
in  the  fluses  *„  *„  and  the  resulting  current  will  produce  two  fluxes 
*'„  *'a,  at  right  angies  to  each  other.  These  fluxes  are  in  time-quadrature 
with  the  fluxes  4,,  *„  hence  the  resultant  flux  4,  will  be  given  by 
*,=V(*'()*+(*'o)* ;  *nd  it  can  be  shown  that  this  flux  is  at  right  angles, 
in  apace,  to  the  flux  *,  Hence  we  have  a  revolving  field  produced  in 
the  same  manner  as  in  the  simple  repulsion  motor.  Moreover,  it  can 
be  shown  that  this  revolving  field  is  uniform,  at  synchronous  speed,  for 
any  angle  of  brush  diaplacement  (except  6=0  and  6=180  degrees), 
while  at  other  speeds  the  revolving  field  is  elliptical.  Therefore,  as  far 
as  the  principle  of  the  motor  is  concerned,  we  have  characteristics 
exactly  similar  to  those  of  the  simple  repulsion  motor. 


FlQ.  65. — Armature  of  150  H.P.  Wcalinghouse  Single-phaBe  ^priPB  Motor. 

Let  us  now  consider  commutation. 

At  synchronous  speed,  due  to  the  uniformly  revolving  field,  the 
commutating  conditions  do  not  require  investigation. 

At  other  speeds  the  coils  short-circuited  by  the  fixed  brushes  will 
have  a  static-E.M.F.  induced  in  them  by  the  flux  *<,  while  a  dynamic- 
or  compensating- E.M.F.  will  be  produced  in  them  by  their  rotation 
in  the  flux  *'„.  Hence,  since  these  fluxes  are  equal  at  synchronous 
speed,  while  with  increasing  speed  *,  diminishes  and  *'„  increases,  it 
follows  that  over-compensation  will  occur  at  hyper-synchronous  speeds. 
The  commutation,  however,  may  be  improved  at  these  speeds  by  means 
of  commutating  poles,  in  a  similar  manner  to  other  repulsion' motors. 
As  the  flux  4.  depends  on  the  angle  of  brush  displacement,  the  circulat- 
ing currento  at  starting  and  at  low  speeds  will  only  become  objection- 
sble  for  large  brush  displacements,  i.e.  corresponding  to  heavy  loads  and 
high  torque. 

The  commutation  at  the  movable  brushes  will  depend  on  their 
portion  on  the  commutator.  Thus  in  some  positions  the  coils  short-cir- 
cuited by  these  brushes  are  subjected  to  maximum  transformer  action 
from  the  flux  4',  (which  is,  to  some  extent,  compensated  by  the  rotation 
of  the  coils  in  the  flux  4>,),  while  in  other  positions  the  coils  are  liable 
to  have  a  relatively  large  dynamic- E.M.F.  generated  in  them  by  their 
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rotation  in  tbia  flux  (4>'„),  the  opposing  Btatic-E.M.F.  due  to  the  flux  4, 
being  relatively  small.  In  general,  more  difficulty  wit)  be  experienced 
from  tranatorraer  action  from  the  flux  *'a.  This  is  particularly  the  case 
when  the  machine  is  operating  at  high  speeds  with  a  large  brush  dis- 


— Oomp!et«Jy- wound  Stat-or  of  Oniikan  12S0  H.P.  Single-phaas  Series  Motor. 


placement,  as  the  compensating  static -E.M.F.,  which  is  due  to  ^„  is 
relatively  email. 

General  Rbuarks  on  Sinolb-Phasb  Motors 

All  types  of  single-phase  motors  must  be  desired  with  a  low  flux 
per  pole,  low  flux-densities,  and  small  air-gaps.  The  low  flux  per  pole 
is  required  for  the  purpose  of  limiting  the  transformer-E.M.F.  at  start- 
ing, while  the  low  flux-densities  and  the  small  air-gaps  are  necessary 
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in  order  to  reduce  the  excitiag  ampere  turns  and  improve  the  power 
factor  Smce  the  torque  is  proportional  to  the  produce  of  flux  and 
armature  ampere  turns  it  follons  that  in  smgle  phase  motors  the 
armature  ampere  turns  must  be  relative!}  large  in  order  to  obtain  the 
requisite  torque  For  instance  in  series  motors  the  armature  ampere 
turns  may  be  from  2  to  4  times  greater  than  the  field  ampere  turns 

Now  the  maximum  number  of  ampere  turns  which  can  be  earned 
by  a  given  armature  is  limited  by  heatmg  considerations  (assuming  that 


Fio.  67. — Armature  of  Oerlikon  1250  H.P.  Single-phase  SeriM  Motor. 

the  armature  reaction  is  neutralised),  so  that  it  will  be  desirable  to  adopt 
means  for  obtaining  the  maximum  amount  of  ventilation.  Thus  the 
forced  ventilation  of  single-phase  motors  forms  an  important  feature 
in  their  design. 

In  the  compensatcd-repulsion  motor  the  armature  has  to  carry  the 
exciting  ampere-turns  in  addition  to  the  torque-producing  ampere- 
turns.  Hence  it  is  apparent  that  the  armature  of  a  compensated- 
repulaion  motor  will,  in  general,  be  larger  in  diameter  than  that  of  a 
series  motor.  Moreover,  it  is  also  apparent  that  the  armature  of  a  series 
motor  must  be  larger  in  diameter  than  that  of  a  continuous -current 
motw  of  equal  output  and  speed. 

When  the  stator  is  considered,  however,  the  low  flux  per  pole,  and 
the  low  number  of  ampere-turns  to  be  supplied  by  the  exciting  winding. 
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will  enable  the  stator  core  to  be  designed  with  a  small  radial  depth  of 
iron.  In  thia  feature  the  series  motor,  on  account  of  its  greater  number 
of  poles,  possessee  an  advantage  over  the  repuieion  motor,  especially 
for  low-frequency  circuits.  The  small  radial  depth  of  iron  in  the  stator 
core  is  shown  very  clearly  in  the  cross-sectiona!  drawings  of  Figs,  64, 
71  (pp.  84,  93). 

The  air-gap  of  series  and  repulsion  motors  is  limited  by  considera- 
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Fio.  6B.--Charaotert8tioCurveaof  Oerlikon  1250-H.P.,  16-Pole.  IS-Cycle,  Single-phase 
Series  Motor  {I3S0  mm. — 63-2  in.— wheels,  223 ;  1  ){ear  ratio).     ij=Effideiicy  ; 
vsspeedin  kM.perhour;  i.  =  H.P.  output ;  Z  =  tractive-effort  in  kg.    Note. — 
Efficiency  curve  includes  Iossph  in  transformer  and  gearing. 

tions  of  power-factor.  In  practice  the  air-gap  is  usually  of  the  order 
of  from  2  to  4  millimetres  (008  in.  to  0-16  in.),*  the  latter  value  only 
being  permissible  in  motors  of  large  output.  With  the  compensated- 
repulsion  motor  it  would  appear  that  larger  air-gaps  are  permissible, 
but  limitations  occur  due  to  the  fact  that  the  exciting  arapere-turns 
must  be  carried  on  the  armature,  and  therefore,  as  these  ampere-turns 


■gap  of  continuous-current  railway  motors  are 
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do  not  increase  the  output,  the  adoption  of  large  air-gaps  would  result 
in  increased  armature  diameters. 

The  operatinjf  voltage  of  a  series  motor  ia  closely  connected  with 
considerations  of  commutation,  the  limiting  condition  being  the  maximum 
permissible  value  of  the  E.M.Fs.  which  cause  sparking.  Of  these 
E.M.Fs.,  the  principal  component  is  the  transformer-E.M.F.  Now,  we 
have  shown  that  the  permissible  values  which  can  be  adopted  for  the 
transformer-E.M.F.  are  dependent  upon  the  subdivision  of  the  armature 
winding  and  commutator.  Consequently  the  number  of  commutator 
segments  will,  in  general,  govern  the  operating  voltage  of  the  motor, 
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Fro,  68a. — Characbenstio  Curves  o(  OerKkon  3O0-H.P.,  10- Pole,  18J-Cyete,  Single- 
phase  Series  Motor  (lOTO  mm, — 12'1  in. — wheels,  4-47  ;  1  gear  ratio).  it  =  E<}ici- 
ency;  t>=Bpeed  in  kM.  pec  hour;  L  =  H.P.  output;  Z  =  tractive-effort  in  kg. 
Note. — Efficiency  curve  includes  losaes  in  transformer  and  gearing. 

and  moderate  voltages — of  from  400  to  500  volts — will  only  be  practicable 
with  large  motors. 

With  machines  of  moderate  output  the  operating  voltage  must  be 
chosen  between  250  to  320  volts,  and,  in  consequence,  a  lai^  contact 
surface  for  the  brushes  will  be  required.  Moreover,  as  the  brushes  must 
be  of  high  contact  resistance,  the  losses  at  the  commutator  will  form  a 
fairly  large  percentage  of  the  total  armature  losses. 

With  repulsion  motors,  the  transformer-E.M.F.  at  starting  forms 
the  limiting  feature  in  the  selection  of  the  number  of  armature  con- 
ductors, and  consequently  the  armature  winding  and  commutator  of 
these  motors  must  be  subdivided  in  the  same  manner  as  those  of  series 
motors.  Since,  however,  the  armature  voltage  does  not  limit  the  ter- 
minal voltage,  the  former  can  be  selected  to  such  a  value  that  resistance 
connections  are  unnecessary.     In  general  the  armature  voltage  will  be 
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lower  than  that  of  a  series  motor  of  equal  rating,  so  that  the  total  contact 
surface  of  the  brushes  will  be  greater  in  the  repulsion  motor  than  in 
the  series  motor ;  while,  with  compensated-repulsion  motors,  additional 
brushes  will  be  required  for  the  exciting  circuit. 

It  is  apparent,  therefore,  that  the  losses  in  the  armature  and  com- 
mutator of  a  single-phase  motor  will  be  considerable,  and  forced  ventOa- 
tion  will  be  necessary  in  order  to  dissipate  the  heat  produced  by  these 
losses. 

With  the  relatively  large  losses  in  the  armature,  and  the  losses  in 
the  stator,  it  follows  that  the  efficiency  of  the  motor  will  be  lower  than 
that  of  a  machine  of  equal  output  in  which  the  losses  are  smaller,  e.g.  a 
continuous-current  motor.  Thus,  in  general,  the  efficiency  of  silljfle- 
phase  motors  will  be  several  per  cent,  lower  than  that  of  continuous- 
current  motors  of  equal  rating.  In  some  cases,  however,  the  increase 
in  weight  is  not  so  great  as  might  be  anticipated.  Obviously,  to  obtain 
a  correct  comparison  between  the  weights  of  continuous-current  and 
single-phase  motors,  we  must  have  similar  conditions  in  each  case.  For 
example,  not  only  should  the  output  and  speed  be  equal  in  the  two 
cases,  but  the  efficiency,  temperature  rise,  and  ventilation  should  also 
be  identical.  The  following  comparative  weights  refer  to  actual  motors 
of  the  ventilated  type,  but  the  speeds  and  efficiencies  are  not  identical. 
The  figures,  however,  will  enable  a  general  comparison  to  be  formed  be- 
tween commercial  motors. 


Type  of  Motor. 

• 

1-hour  Rating. 

Efficiency 
at  Rated 

Load. 
Per  Cent. 

Power- 
factor  at 
Rated 
Load. 
Per  Cent. 

Weight  of 

Motor 

without 

Geeurs. 

Lb. 

H.P. 

Volts. 

r.p.m. 

Continuous  current 

Single-phftne  neutralised 
series 

Single-phase     compen- 
satea  repulsion  . 

160 
150 
150 

600 
235 
750 

500 
625 
775 

87-5 

81 

82 

•  •  • 

86 
98 

4300 
5500 
5500 

Operation  of  single-phase  motors  on  continuoiis-carrent  circnits. 

— As  the  alternating-current  series  motor  is  identical  in  principle  with  the 
continuous-current  series  motor,  it  follows  that  the  former  type  of  motor 
is  capable  of  operating  on  continuous-current  circuits.  The  neutralising 
(or  compensating)  winding,  however,  must  be  excited  conductively  from 
the  main  circuit,  as  this  winding  is  essential  to  satisfactory  operation 
with  continuous-current  (on  accoimt  of  the  high  armature  ampere- 
turns).  Moreover,  with  motors  of  the  non-salient-pole  type,  it  will 
be  necessary  to  provide  a  commutating  field  for  continuous-current 
operation. 

Examples  of  the  operation  of  alternating-current  series  motors  on 
alternating-current  and  continuous-current  circuits  are  referred  to  in 
Chapter  X.  The  motors  are  of  the  Westinghouse  type  (see  p.  83) 
with  salient  poles,  and  are  installed  on  certain  locomotives  of  the  New 
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Haven  Railroad.  These  looomofcivee  have  to  operate  over  the  single- 
phase  lines  of  the  New  Haven  road,  and  also  over  the  coatinuouB-current 
iinee  of  the  New  York  Central  Railroad.  The  dual  operation,  however, 
leads  to  considerable  complication  in  the  control,  as  well  as  to  increased 
weight  (see  Chapter  X,  p.  239). 

Examples  of  Sisolb-Phase  Railway  Motors 

(1)  Series  motors- — The  simplest  type  of  single-phase  railway  motor 
■  in  operation  is  that  developed  by  the  WeBtUUfllOTlse  Companies.  This 
motor  is  of  the  neutralisedseriea  type   without  commutating  poles. 


In  Pigs.  60  and  61  are  given  views  of  a  4-pole,  150  H.P.  motor,  showing 
the  fnime  and  Btator  with  the  winding  in  position.  The  stator  lamina- 
tions are  assembled  in  a  cast-steel  frame,  which  carries  seatinge  for  the 
frame-heads  and  the  axle-bearings.  Since  the  frame  is  not  required 
for  magnetic  purposes,  a  skeleton  construction  has  been  adopted,  and 
lai^  apertures  are  arranged  in  the  frame  at  the  back  of  the  stator  core 
for  the  purpose  of  cooling  the  lafter. 

The  skeleton  construction  of  the  frame  is  shown  better  in  the  illus- 
tration in  Fig.  62,  which  refers  to  a  12-poIe  motor,  of  315  H.P.,  built 
by  the  Westlnghonse  Co.,  for  the  geared  passenger  and  freight  locomotives 
on  the  New  Haven  Railroad  (see  Chapter  XVII,  p.  383).  The  motor 
is  mounted  on  the  framing  of  the  locomotive  vertically  above  the  axle 
(see  Fig.  318,  p.  384).  The  method  of  mounting  the  brush-gear  should 
be  not^. 
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A  detailed  view  of  the  brush-gear  and  windings  of  a  260-H.P.,  8-pole, 
split-frame  Westinghouse  motor*  is  given  in  Fig.  63.  The  armature 
of  this  motor  is  mounted  concentric  with  the  axle  of  the  driving  wheels, 
hence  the  necessity  for  a  split  frame. 

In  Fig.  64  is  given  a  cross-section  of  a  180-H.P.,  6-pole,  Westing- 
house  motor,  showing  the  general  design  of  the  armature  and  stator. 
An  examination  of  the  armature  slots  will  show  that  they  are  of  the 
partially  closed  type  and  are  of  two  widths.  The  wider  portion  of  the 
slot  contains  the  armature  conductors  proper,  while  the  narrower  portion 
of  slot  contains  the  resistance  connections,  which  connect  the  armature 
conductors  to  the  commutator  segments.  In  winding  the  armature, 
these  resistance  connections  are  first  placed  in  the  slots  and  connected 
to  the  commutator  segments.  The  armature  coils  are  then  placed  in 
the  slots  with  the  open  ends  of  the  coils  away  from  the  commutator, 
i.e,  just  in  the  reverse  manner  to  that  adopted  in  winding  a  continuous- 
current  armature.  The  open  ends  of 
the  coils  are  then  connected  together 
in  the  correct  order,  and  are  finally  con- 
nected to  the  resistance  connections.  A 
view  of  a  completed  armature  is  shown 
in  Fig.  66. 

The  object  of  placing  the  resistance 
connections  at  the  bottom  of  the  slots 
is  that  the  slot  may  be  made  narrower 
at  the  lower  portion,  and  consequently 
a  larger  cross-section  is  obtained  at  the 
root  of  the  tooth  than  with  a  slot  of 
uniform  width. 

All  the  above  motors  are  forced  ven- 
tilated, the  air  being  supplied  from  an 
external  blower  and  conveyed  to  the 
motor  through  suitable  ducts. 

With  the  type  of  motor  illustrated  in 
Figs.  60,  64  the  air  is  admitted  through  an  opening  in  the  pinion-end 
frame-head,  and  is  discharged  through  the  apertures  in  the  frame.  With 
the  type  of  motor  illustrated  in  Fig.  62  the  air  is  admitted  to  the  pinion 
end  of  the  frame,  and  is  circulated  through  the  interior  of  the  motor  by 
means  of  a  fan  on  the  armature  and  suitable  baffle  plates,  the  air  being 
expelled  through  the  apertures  in  the  frame.  In  this  motor  the  arma- 
ture core  and  commutator  are  provided  with  longitudinal  ventilating 
ducts  only. 

The  standard  single-phase  motors  of  the  Oerlikon  Oo.  have  series- 
wound  commutating  poles  in  addition  to  neutralising  and  exciting  wind- 
ings. The  commutating  poles  are  excited  in  the  manner  described  on 
page  61. 

A  completely  wound  stator  for  a  1250-H.P.,  16-pole  motor  is  shown 
in  Fig.  66.  It  will  be  observed  that  the  stator  has  a  continuous  polar 
surface,  and  that  the  exciting  winding  is  partially  distributed. 

The  armature  is  illustrated  in  Fig.  67,  while  the  complete  motor  is 
illustrated  in  Figs.  322,  323  (pp.  388,  389).  Motors  of  this  type  are 
in  service  on  the  Lotschberg-Simplon  Railway.    The  locomotives  on 

*  Motors  of  this  type  aro  in  operation  on  the  express  passenger  locomotives  of 
the  New  Haven  Railroad  (see  Chapter  XVII,  p.  381). 
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this  railway  (see  Chapter  XVII)  are  each  equipped  with  two  motors, 
and  each  motor  is  rated  at  1250  H.P.,  43S  volte,  460  r.p.m.  (approz.), 
the  rating  being  on  a  l^-hours  basis. 

The  characteristic  curves  of  the  motor  are  shown  in  Fig.  68,  and 


it  should  be  noted  that  the  efficiency  curve  includes  all  losses  hi  the 
motor  and  the  transmission  gear.  The  characteristic  curves  of  a  smaller 
geared  motor,  rated  at  300  H.P.,  are  shown  in  Fig.  68a. 

The  single-phase  motors  developed  by  the  Siemens'  CoinpanicB  are 
characterised  by  [1)  the  special  arrangement  of  the  resistance  connec- 
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tionB  on  the  armature,  (2)  the  compound  (aeries  and  shunt)  excitation 
of  the  commutating  poles,  and  (3)  the  special  manner  in  which  the 
statoT  windings  are  arranged. 

Considering  the  first  item,  the  "resiBtance  connections"  are  in  the 
form  of  an  auxiliary  winding  on  the  armature,  and  the  conductors  of 
this  winding  are  arranged  so  that  the  current  in  them  produces  a  torque. 
In  the  ordinary  arrangement  of  resistance  connections  the  conductors 
of  the  latter  only  carry  current  when  in  the  neutral  (or  commutating) 
zone,  and,  in  consequence,  no  torque  is  produced  by  the  current  in  these 
connections. 

The  arrangement  of  the  auxiliary  winding  in  the  Siemens'  motor  is 
shown  diagrammatically  in  Fig.  69,  In  this  diagram  the  auxiliary 
winding  is  shown  by  the  chain-dotted  lines,  and  the  main  armature 
winding  by  the  full  and  dotted  lines,  the  dotted  tine  showing  the  coil 
which  is  short-circuited  by  the  brush,  and  which  is  the  seat  of  the  trana- 
foimer-E.M.F.    (the   latter   producing   the   circulating  current  in  the 


Fia.  72(1,  Fio,  ISb, 

direction  indicated  by  the  arrows).  The  arrows  on  the  full  lines  and 
the  chain-dotted  lines  represent  the  direction  of  the  main  armature 
current.  It  will  be  noticed  that  the  auxiliary  winding  covers  a  pole- 
pitch  in  the  same  way  as  the  armature  winding,  but  is  displaced  90 
(electrical)  degrees  from  the  latter.  Thus,  when  a  coil  of  the  armature 
winding  occupies  the  neutral  position,  the  conductors  of  the  auxiliary 
winding  connected  to  it  are  directly  under  the  pole  faces,  and  the  inter- 
action of  the  current  in  these  conductors  with  the  main  flux  will  produce 
a  torque.  The  path  of  the  circulating  current  exterior  to  the  coil  ab 
(Pig,  69)  is  through  the  conductors  Va,  the  brush,  and  the  conductors 
Vb.  It  will  be  noticed  that  the  direction  of  this  current  in  the  conductors 
Va  is  opposite  to  that  in  the  conductors  Vb,  so  that  the  passage  of  the 
cireulatmg  current  through  the  auxiliary  winding  does  not  increase  the 
reactance  voltage  of  the  commutated  coil. 

The  conductors  of  the  auxiliary  winding  consist  of  copper,  and  are 
located  in  the  slots  above  the  main  winding  (see  Fig.  71).  The  requisite 
resistance  is  obtained  by  increasing  the  number  of  turns  in  the  auxiliary 
winding,  the  cross-section  of  the  conductors  being  reduced  to  the  smallest 
permissible  value.  In  this  manner  the  resistance  connections  may 
produce  an  increase  in  the  torque  of  as  much  as  10  per  cent,  without 
increasing  the  size  of  the  armature. 

The  principles  of  compound  excitation  for  the  commutating  poles 
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have  been  discussed  on  pages  59,  60.  In  practice,  the  method  indicated 
in  Rg,  38  (p.  59}  admits  of  considerablQ  simplification.  Thus  it  ia  pos- 
Bible  to  incorporate  all  the  etator  windings  (viz.  the  exciting  winding, 
the  compensating  winding,  and  the  compound  commutating-pole  wind- 
ing) into  a  single  winding  of  the  cylindrical  (or  barrel)  type,  with  all 
conductors  of  the  same  size  and  shape.  The  number  of  conductors 
and  the  cross-section  of  each  is  chosen,  so  that,  by  a  series  and  parallel 
connection  of  certain  conductors,  the  correct  ampere-turns  can  be  ob- 
tained for  all  the  windings.*  The  shunt  winding  of  the  commutating 
poles  ie  then  excited  from  a  tapping  on  the  main  transformer,  as 
indicated  in  Fig.  70. 


A  cross-section  of  a  Siemens  motor  (of  180  H.P.)  with  8  poles  is  shown 
in  Fig.  71 ,  in  which  the  uniform  size  and  spacing  of  the  stator  slots  should 
be  noted. 

The  motor  is  provided  with  two  exciting  windings,  one  for  each 
direction  of  rotation.  This,  however,  does  not  lead  to  an  increase  in 
the  copper  required,  because,  if  a  single  exciting  winding  were  adopted, 
some  of  the  ampere-turns  of  this  winding  would  be  neutralised  by  the 
compensating  winding.  A  reference  to  the  diagrams  of  Fig.  72  will 
make  this  clear.  In  Fig.  72a  the  neutraHsing  effect  of  the  exciting  and 
compensating  windings  is  shown,  while  in  Fig.  725  the  neutralising  con- 
dnctors  of  F^g.  72a  have  been  replaced  by  another  exciting  wmdina 
(shown  dotted)  for  the  opposite  direction  of  rotation.    Thus  the  totu 


*  In  this  connection  see  an  article  by  Dr.  Rudolf  RJohter  on  "  Siemens* 
Schuckert  Alternating-Current  Serioa  Motors  "  (abstracted  in  The  EUctrician,  vol.  B8, 
p.  S07). 
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number  of  conductors  in  the  stator  winding  are  the  same  in  each  case. 
The  provision  of  two  exciting  windings  enables  the  control  apparatus  to 
be  simplified,  as  the  reversing  can  be  effected  by  the.  use  of  two  con- 
tactors instead  of  a  reverser  or  four  contactors  (which  would  be  required 
for  reversing  a  motor  having  a  single  exciting  winding). 

(2)  Repulsion  Motors. — ^The  constructional  features  of  repulsion 
motors  only  differ  from  those  of  series  motors  in  the  stator  winding  and 
the  brush  gear.    It  should  be  noted,  however,  that  the  armature  voltage 
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Fio.  74. — Characteristic  Curves  of  115-H.P.,  4-Pole,  26-Cycle,  A. E.G.  Compensated- 
repulsion  Motor.  (43^ -In.  wheels,  4-24  : 1  gear  ratio).  Note. — Amperes  input 
refer  to  the  input  to  the  high-tension  (6000  volt)  side  of  the  transformer. 

of  a  repulsion  motor  may  be  selected  at  such  a  value  that  resistance 
connections  are  not  required. 

In  the  compensated-repulsion  motor  the  stator  winding  is  simply  a 
distributed  single-phase  winding,  with  an  additional  coil  located  in  the 
centre  of  two  or  more  pole  faces  for  the  purpose  of  providing  a  local 
commutating  field  at  high  speeds. 

A  completely- wound  stator  for  a  200-H.P.,  6-pole,  compensated- 
repulsion  motor  (of  the  A.E.G.)  is  shown  in  Fig.  73,  in  which  the  loca- 
tion of  the  commutating  coils  can  be  clearly  seen.  It  will  be  observed 
that  there  are  three  commutating  coils,  one  per  pair  of  poles.  The  illus- 
tration also  shows  the  manner  in  which  the  stator  laminations  are  clamped 
between  end-plates,  so  that  the  stator  core  can  be  removed  bodily  from 
the  frame.    When  this  method  of  construction  is  adopted,  the  cast- 
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ateel  frame  is  split,  in  order  to  facilitate  the  removal  of  the   stator 
core. 

The  bnish-gear  of  a  compeosated-repuleioa  motor  will  comprise  (a) 
the  mtun  (or  short-circuited)  brushes,  and  (b)  the  exciter  brushes.  The 
main  brushes  consist  of  as  many  brush  sets  as  there  are  poles,  and  these 
Bets  are  pennanently  short-circuited.  The  exciter  brushes  are  arranged 
midway  between  the  main  brushes,  and  the  number  of  sets  required  will 


Pw.  75,— Brown-Boveri-IWri  700-H,P.,  lO-PoIe,  161-Cycle,  Single-phase  Motor. 

depend  on  the  magnitude  of  the  exciting  current  and  the  nature  of 
the  armature  winding.  If  a  multiple -circuit  winding  with  crossnjon- 
nected  commutator  segments  is  adopted,  only  two  sets  of  exciter  brushes 

will  be  necessary. 

Typical  cliaractenBtic  curres  of  a  compensated-repnlsion  motor 
are  given  in  Fig.  74.  These  curves  refer  to  the  115-H.P.,  A.E.G.  motors 
in  service  on  the  South  London  lines  of  the  London,  Brighton,  and 
South  Coast  Railway.  The  efficiency  curves  include  the  gear  losses 
and  the  losses  in  the  main  transformer.  The  various  curves  (1-5)  refer 
to  the  different  control  notches  (see  p.  230).  On  notches  1  and  6  the 
excitation  is  reduced  by  altering  the  ratio  of  the  ejciter  transformer. 

The  principal  feature  of  interest  in  the  D6ri  (brush-shifting)  ro- 
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pulsion  motor  is  the  brush-gear,  since  the  stator  of  this  motor  closely 
resembles  that  of  a  compensated-repulsion  motor.  The  brushes  are 
arran^^  in  two  equal  groups — ^insulated  from  each  other — each  group 
containing  as  many  brush-sets  as  there  are  poles.  The  brush-sets  in 
each  group  are  permanently  short-circuited,  and  the  two  groups  are 
connected  together  by  a  flexible  connection.    One  group  of  brushes  is 
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Fio.  77.— Characteriatic  Curves  of  Brown-Bo vori-D6ii  Motor,  310  H.P.,  12  Poles, 
140  rp.iii.,  16|  Cycles,  950  Volts.  The  numbers  placed  against  the  speed, 
tractive-effort,  efficiency,  and  power-factor  curves  refer  to  the  brush  dis- 
placement (segments).    (A\'heel8  1070  mm. — 42-1  in. — diameter.) 

fixed  in  position,  while  the  other  group  is  arranged  to  move  relatively 
to  it.  With  traction  motors  the  two  groups  are  arranged  to  bear  upon 
different  parts  of  the  commutator  so  that  the  motion  of  the  movable 
brushes  is  not  restricted  by  the  fixed  brushes.  The  direction  of  rotation 
of  the  armature  is  then  controlled  by  the  direction  of  movement  of  the 
brushes,  which  is  carried  out  by  means  of  a  worm  and  worm-wheel. 

An  illustration  of  a  700-H.P.,  Brown-Boveri-D^ri  repulsion  motor  is 
shown  in  Fig.  75.    This  motor  forms  part  of  the  equipment  of  an  electric 
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locomotive  (see  Chapter  XVII,  p.  400).    The  two  sets  of  brushes  can 
be  clearly  distinguished  in  the  illustration. 

The  armature,  stator,  frame-heads,  and  brush-gear  for  a  smaller 
geared  motor  of  90  H.P.  are  illustrated  in  Fig.  76. 

Typical  characteristic  curves  *  of  a  D^ri  motor  are  given  in  Fig. 
77.  These  curves  refer  to  a  motor— rated  ajb  310  H.P.,  950  volts,  140 
r.p.m.,  16§  cycles — designed  for  electric  locomotives,  in  which  the  power 
is  transmitted  from  the  motors  to  the  driving  wheels  by  connecting 
rods  (see  Chapter  XVII).  The  starting  performance  curves  included 
in  Fig.  77  are  of  especial  interest,  as  they  show  the  manner  in  which 
the  current  and  tractive-efEort  (at  starting)  vary  with  the  brush  dis- 
placement. 

*  The  author  is  indebted  to  Mr.  A.  C.  Eborall  and  Messrs.  Brown,  Boveri  &  Co., 
for  these  characteristic  curves  and  the  illustrations  of  D6ri  repulsion  motors. 


CHAPTER  VI 

POLYPHASE  TRACTION  MOTORS 

The  only  type  of  polyphase  motor  which  has  been  applied  to  electric 
traction  is  the  three-phase  induction  motor.*  This  motor  possesses  a 
''  shunt "  (or  constant-speed)  characteristic,  and,  when  speed  regulation 
is  required,  the  regulation  can  only  be  obtained  economically  by  the  use 
of  auxiliary  maclunes  or  additional  windings  on  the  motor.  Therefore 
the  polyphase  induction  motor  is  entirely  unsuitable  for  suburban  ser- 
vices. The  machine  is,  however,  suitable  for  main-line  long-distance 
services,  where  the  stops  are  infrequent  and  the  acceleration  is  un- 
important. Moreover,  with  polyphase  induction  motors,  efficient  re- 
generative braking  can  be  obtjeiined  without  complication  of  the  control 
apparatus,  and  therefore  these  motors  are  eminently  suitable  for  service 
on  mountain  railways.  In  fact,  it  is  on  railways  of  this  nature  that  the 
greatest  development  of  the  thiee-phase  traction  motor  has  occurred. 

The  adoption  of  three-phase  motors  requires  at  least  two  trolley 
wires  (the  track  rails  forming  the  third  conductor),  but,  in  the  case  of 
mountain  railways,  the  disadvantages  of  the  duplication  of  the  overhead 
construction  are  compensated  by  the  facility  with  which  regenerative 
braking  can  be  obtained.f 

Although  the  constant-speed  type  of  polyphase  motor  may  be  suitable 
for  handling  certain  classes  of  traffic,  nevertheless,  for  satisfactory  work- 
ing, it  is  desirable  to  provide  two  or  more  efficient  running  speeds.  The 
provision  of  a  number  of  efficient  running  speeds  will  also  lead  to 
economy  during  the  starting  and  accelerating  periods. 

In  practice,  the  economical  methods  of  regulating  the  speed  of  poly- 
phase induction  motors  are  limited,  and,  for  the  purpose  of  discussing 
these  limitations,  we  will  now  state  the  fundamental  relations  between 
the  speed  and  torque,  as  given  by  the  following  equations :  t 

*  The  three-phase  variable-speed  commutator  motor  is,  at  present,  in  the 
experimental  stage  of  development.  There  is  no  present  indication,  however,  that 
this  machine  would  be  serviceable  for  suburban  service. 

The  types  of  polyphase  commutators  and  their  characteristics  are  discussed 
very  fully  by  Mr.  N.  Shuttleworth  in  a  paper  on  "  Polyphase  Commutator  Motors  " 
{Journal  of  the  InsHtuHon  of  Electrical  Engineers,  vol.  53,  p.  439). 

t  Regenerative  braking  is  also  possible  with  single-phase  conunutator  motors 
— aA  ezjuained  in  Chapter  XII — but  this  entails  additional  windings  and  control 
apparatus ;  while  the  results  obtained  are,  in  general,  inferior  to  those  obtained  with 
three-phase  m6tor8. 

X  For  the  deduction  of  these  equations,  the  student  is  referred  to  standard 
text-books. 
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(1)  Speed:  n=^^!^{\-8)      ...  (21) 

(2)  Torque:  '       M=^^ (22) 

(3)SUp:  8=t^ (23) 

f 

where  n  is  the  speed  of  the  rotor  in  revolutions  per  minute, 

/  the  frequency  of  the  supply  current, 

/i  the  frequency  of  the  rotor  current, 

2>  the  number  of  poles, 

8  the  slip, 

M  the  torque  exerted  by  the  rotor, 

K  a  constant, 

^  the  flux  per  pole, 

R^  ^he  resistance  per  phase  of  the  rotor, 

Xj  the  reactance  per  phase  of  the  rotor. 
For  a  given  motor  the  torque  equation  corresponding  to  starting 
conditions  («=1)  may  be  written 

M=^, (22a) 

where  Z  is  the  total  impedance  of  the  motor  ;   while  for  running  condi- 
tions the  equation  becomes,  approximately, 

^=^> (226) 

R  M 
from  which  we  obtain  *~T?^ (23a) 

Ck)nsidering  only  supply  systems  of  constant  frequency,  it  is  apparent 
from  equation  (21)  that  there  are  two  methods  of  regalatinff  the  speed 
of  an  induction  motor,  viz.  (1)  by  varying  the  slip,  (2)  bycnanging  the 
number  of  poles.  The  speed  variation  obtained  by  the  separate  use 
of  either  of  these  methods  is  limited,  but,  by  the  combination  of  the  two 
methods,  a  large  speed  variation  can  be  obtained.  Thus,  in  the  first 
method,  the  maximum  speed  is  obviously  limited  by  the  synchronous 
speed  (120//p) ;  while,  in  the  second  method,  the  motor  will  possess  a 
constant-speed  characteristic  for  each  set  of  poles,  and  intermediate 
speeds  will  have  to  be  obtained  by  varying  the  slip. 

Now  equation  (23a)  shows  that,  for  constant  torque,  the  slip  is 
directly  proportional  to  the  resistance  of  the  rotor  circuit  and  inversely 
proportional  to  the  square  of  the  flux.  In  a  motor  operating  on  a 
constant  voltage  circuit,  the  flux  will  be  practically  constant,  and  the 
voltage  induced  in  the  rotor  will  be  proportional  to  the  slip,  while  for 
constant  torque  the  rotor  current  will  be  practically  constant.  Hence 
it  follows  that  the  electrical  power  developed  in  the  rotor  will  be  directly 
proportional  to  the  slip.  A  large  slip,  therefore,  will  correspond  to  the 
expenditure  of  a  large  amount  of  energy  (called  the  *'  slip  energy  ")  in 
the  rotor  circuit ;  and  if  the  slip  has  been  obtained  by  the  insertion  of 
rheostats  in  this  circuit,  then  it  is  apparent  that  the  energy  due  to  the 
increased  slip  will  be  wasted  in  the  rheostats. 

*  Neglecting  the  resistance  and  reactance  of  the  stator  circuit. 
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It  is  not  necessary,  for  the  purpose  of  obtaining  a  large  slip,  that  this 
energy  should  be  wasted  in  rheostats,  as  it  can  be  utilised  in  the  form  of 
mechanical  or  electrical  energy  by  means  of  (1)  another  induction  motor 
connected  in  cascade  with  the  motor  to  be  regulated,  (2)  a  commutator 
motor,  or  (3)  a  rotary  converter  combined  with  a  motor-generator  set. 
In  each  of  these  systems  the  slip  energy  must  be  delivered  either  to  the 
supply  system  or  to  the  shaft  of  the  main  induction  motor.  Although 
each  system  has  been  applied  to  industrial  plants,  only  the  cascade 
system  has  been  applied  to  railway  motors,  and  the  principal  develop- 
ments in  this  direction  have  occurred  on  the  Continent. 

The  cascade  connection  of  the  main  motor  (the  speed  of  which  is 
to  be  regulated)  with  another  induction  motor  (called  the  secondary 
motor)  requires  the  two  rotors  to  be  mechanically  coupled  or  geared 
together.    For  example,  the  rotors  may  be  mounted  on  the  same  shaft 


IIMIM 


Fig.  78. 


or  on  separate  shafts,  but  in  the  latter  case  the  shafts  must  be  geared 
or  mechanically  connected  together.  The  rotor  of  the  main  motor  must 
be  wound  for  the  same  number  of  poles  as  the  stator,  and  must  be  pro- 
vided with  slip  rings,  while  the  rotor  of  the  secondary  motor  may  be  of 
a  similar  type,  or  of  the  squirrel-cage  type. 

In  the  cascade  connection  the  stator  winding  of  the  main  motor  is 
connected  to  the  supply.  The  slip-rings  are  connected  to  the  stator 
winding  of  the  secondary  motor,  and  the  rotor  winding  of  this  motor  is 
connected  to  a  rheostat,  as  indicated  in  Fig.  78.*  The  rheostat  enables 
the  speed  of  the  set  to  be  regulated  up  to  the  cascade  synchronous 
speed,  and  it  can  be  shown  that,  if  each  motor  has  the  same  number  of 
poles,  the  cascade  synchronous  speed  is  one-half  of  the  synchronous 
speed  of  the  main  motor. 

Thus  consider  the  set  running  light,  with  the  rotor  of  the  secondary 

*  It  is  not  essential  that  the  rotor  of  the  main  motor  be  connected  to  the  stator 
of  the  83Cond£try  motor,  as  the  two  rotor  windings  may  be  connected  together  and 
the  rheostats  connected  to  the  stator  winding  of  the  s'^condary  motor.  If  the. 
secondary  motor  is  provided  with  a  squirrel  cage  rotor,  its  stator  winding  will  have 
to  be  supplied  from  the  rotor  of  the  main  motor,  and,  at  starting,  the  voltage  applied 
to  the  stator  of  the  main  motor  will  have  to  be  reduced. 
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motor  short-cirouited,  and  let  p^,  "p^  respectively  denote  the  number 

of  poles  in^the  main  and  secondary  motors.    Then,  if  /  is  the  frequency 

of  the  supply  system  and  8  is  the  slip  in  the  main  motor  corresponding 

to  cascade  synchronous  speed,  the  speed  of  the  main  motor  will  be 

f 
~  (1— «)  revolutioils  per  second.    The  frequency  supplied  to  the  second- 

ary  motor  will  be  /»,  and  therefore  the  synchronous  speed  of  this  motor 

will  be  ^  revolutions  per  second. 

Since  the  two  rotors  are  mechanically  coupled  together,  the  ratio 
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Fia.  79. — Simplest  Method  of  arranging  a  Three-phase  Winding  for  Pole-changing. 


of  their  speeds  will  be  constant,  and,  if  we  assume  that  both  rotors  are 

If  each 


fixed  to  the  same  shaft,  then  i^=:J-  (1— «),  whence  8— — ^L—. 

\P2    kVi  Vi+Vt 


motor  has  the  same  number  of  poles,  the  minimum  slip  of  the  main  motor 
cannot  have  a  value  less  than  50  per  cent.,  i.e.  the  cascade  synchronous 
speed  is  one-half  of  the  synchronous  speed  of  the  main  motor.  Gener- 
ally the  cascade  synchronous  speed  may  be  written  as 

n(r.p.m.)=i^/(l~^)=^* (24) 

^   ^  Pi  V      P1+P2/     Vi+V% 

It  is  possible,  therefore,  to  obtain  two  economical  speeds,  but  inter- 
mediate speeds  will  have  to  be  obtained  by  regulating  the  slip  by  means 

*  In  deriving  this  equation,  we  have  teusitly  assumed  that  the  direction  of 
rotation  of  the  main  and  secondary  motors  (when  supplied  separately)  is  the 
same.  If  the  secondary  motor  is  connected  so  that  it  tends  to  rotate  in  the  opposite 
direction  to  the  main  motor,  the  motors  are  said  to  be  connected  in  "  di£Ferential 
cascade,"  and  the  synchronous  speed  under  these  conditions  will  be  given  by 

/  \       120/ 

n(r.p.mO=— -^• 
P1-P2 
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of  rheostats.  If,  however,  both  motors  are  wound  with  pole-changing 
windings  (see  p.  llO),  a  larger  number  of  economical  speeds  can  be 
obtained. 

The  principal  objections  to  speed  regulation  by  the  cascade  system 

are :  (1)  two  motors  are  required,*  which,  if  they  are  to  operate  in 
parallel  (at  speeds  between  cascade  synchronous  speed  and  full  speed), 
must  have  the  same  number  of  poles,  while  the  stator  windings  of  the 
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FiO.  80. — Connections  and  Development  of  Three-phase  Winding  for  Pole- 
changing  according  to  method  of  Fig.  79. 


secondary  motor  must  be  designed  to  operate  with  the  full  supply  voltage 
and  also  with  the  rotor  voltage  (corresponding  to  cascade  synchronous 
speed)  of  the  main  motor ;  (2)  the  low  power-factor  of  the  combination, 
which,  even  for  motors  of  good  electrical  design,  seldom  exceeds  80 
per  cent.- 

It  is  not  essential  that  the  two  motors  should  have  separate  frames, 

*  In  some  special  cases  the  two  motors  can  be  combined  into  one.  Motors 
of  this  type  (known  as  the  "  Hunt  Cascade  Motor  "),  however,  have  only  been 
developed  for  industrial  service.  See  "Electric  Motors,*'  Hobart,  p.  574;  also 
Jwxmal  of  the  InstituHon  of  Electrical  Engineers,  vol.  39,  p.  648  ;  vol.  52,  p.  406. 
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as,  when  the  rotors  are  mounted  on  the  same  ah^it,  the  two  stators  may 
be  combined  in  a  common  frame.* 

The  low  power-factor  is  due  to  the  magnetising  current  of  the 
secondary  motor  being  superimposed  on  that  of  the  main  motor,  and, 
to  obtain  a  power-factor  as  high  as  the  value  given  above,  it  is  necessary 
to  design  each  motor  for  a  low  magnetising  current  and  low  reactance, 
the  attainment  of  which  is  facilitated  by  adopting  a  low  frequency  of 
supply.  For  example,  on  the  Italian  State  Railways,  where  the  cascade 
system  has  been  largely  developed,  frequencies  of  15  and  16$  have 
been  adopted. 

The  method  of  regulating  the  speed  of  polyphase  motors  by 
changing  the  number  of  poles  has  been  developed  tor  electric  railway 
work  by  Messrs.  Brown,  Boveri  &  Co.,  and  by  the  Society  Italiana 
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Fig.  81. — Alternative  Method  of  arranging  Three-phase  Winding  for 

Pole-changing. 

Westinghouse.  This  method  is  used  on  the  locomotives  suppUed  by 
these  firms  to  the  Italian  State  Railways,  and  was  adopted  on  the  Sim- 
plon  Tunnel  locomotives  manufactured  by  Messrs.  Brown,  Boveri.  In 
some  recent  locomotives  supplied  to  the  Italian  railways  the  motors 
have  been  arranged  for  four  speeds,  two  being  obtained  by  cascade 
control,  and  two  by  changing  the  number  of  poles.  Generally  speed 
variation  by  changing  the  number  of  poles  is  limited  to  two  or  four 
sjnichronous  speeds,  the  latter  number  being  obtained  by  the  use  of 
two  separate  windings  on  the  stator,  connected  so  that  the  poles  may 
be  changed  in  the  ratio  of  2  : 1.  In  this  case  the  rotor  is  usually  of  the 
squirrel-cage  type,  and  starting  is  performed  by  varying  the  voltage 
applied  to  the  stator. 

When  the  number  of  poles  is  required  to  be  changed  in  the  ratio  of 


*  As  developed  by  Ganz  &  Co.  for  electric  locomotives. 
Hobart,  Figs.  610,  611  (p.  668). 


See  "  Electric  Motors," 
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2 : 1,  it  is  only  necessary  to  bring  out  tappings  from  the  centre  point 
of  each  phase  of  the  stator  winding.  The  larger  number  of  poles  are 
obtained  by  connecting  the  supply  lines  to  the  ends  of  the  stator  .winding 
in  the  ordinary  way,  but  for  the  smaller  number  of  poles  the  tappings 
are  connected  to  the  supply  lines,  and  the  ends  of  the  phases  are  shqrt- 
circuited,  as  indicated  diagrammatically  in  Fig.  79.* 
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Fig.  82. — Connections  and  Development  of  Three-phase  Winding  for  Pole-changing 

according  to  method  of  Fig.  81. 

The  development  of  a  three-phase  8-pole  winding,  showing  the 
polarities  for  each  of  these  combinations,  is  given  in  Fig.  80.  In  order 
that  the  direction  of  rotation  shall  not  be  reversed  when  the  winding 
is  connected  for  four  poles,  two  of  the  phases  must  be  reversed  in  relation 
to  the  line  wires  (see  Figs.  79,  80).  If,  however,  the  wnding  is  star- 
connected  for  the  larger  number  of  poles  and  A-connected  for  the  smaller 
number  of  poles — ^as  shown  in  Figs.  81,  82 — this  reversal  of.  the  line 
wires  is  unnecessary. 

♦  This  method  is  generally  adopted  when  pole-changing  is  required  with  stationary 
motors. 


108 


ELECTRIC  TRACTION 


The  connections  shown  in  Fig.  81  have  been  adopted  by  Messrs. 
Brown,  Boveri  &  Co.  for  the  motors  on  the  Simplon  Tunnel  locomotives, 
to  which  reference  will  be  made  later.  Each  phase  of  the  stator  winding 
is  divided  into  two  equal  sections — ^the  ends  of  each  section  being  re- 


Fio.  83.  ¥iQ,  83a. 

Connections  of  Pole-changing  Winding  to  give  8  Poles,  Three-phase,  and  6  Poles, 

Two-phase. 

versed  in  connecting  up — and  the  phases  are  connected  to  form  a  closed 
winding,  from  which  tappings  are  brought  out  at  the  six  junctions, 
as  indicated  in  Fig.  82  (which  shows  the  principle  applied  to  an  8-pole 
winding).  The  tappings  are  connected  to  a  controller  (see  Fig.  221), 
by  means  of  which  the  combinations  shown  in  Fig.  81  are  obtained. 
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It  will  be  observed  that  in  the  A-connection  the  sections  of  each  phase 
are  in  series  and  the  current  is  led  into  the  winding  at  the  junctions 
between  the  phases,  while  in  the  star-connection  the  sections  of  each 
phase  are  in  parallel,  the  current  being  led  into  the  winding  at  the  mid- 
point tappings.  Therefore,  in  the  latter  case,  the  current  in  the  two 
sections  of  each  phase  will  flow  in  opposite  directions,  and,  since  the  sec- 
tions are  reversed  in  connecting  up,  the  result  will  be  the  full  number 
of  poles  for  which  the  winding  is  designed. 

A  reference  to  Figs.  80,  82  will  show  that,  with  the  connections  for 
the  smaller  number  of  poles,  certain  parts  of  the  stator  winding  neutralise 
one  another.  For  the  winding  shown  in  these  diagrams  it  will  be  found 
that  one-third  of  the  total  number  of  conductors  are  inactive.  Hence, 
instead  of  the  active  turns  per  phase  being  reduced  in  the  ratio  of  T : 
\T  (i.e.  in  the  same  ratio  as  the  poles),  they  are  reduced  in  the  ratio  of 
T  :  \T—\T,  or  T  :  JT,  where  T  denotes  the  number  of  turns  in  series  per 
phase.  Therefore,  with  the  connections  of  Fig.  79,  and  the  same  hne 
voltage  in  each  case,  the  flux  per  pole  corresponding  to  the  smaller 
number  of  poles  will  be  three  times  that  for  the  larger  number  of  poles. 
As  the  area  of  the  pole  face  at  the  air-gap  is  doubled  when  the  number 
of  poles  is  halved,  it  follows  that  the  flux-density  in  the  air-gap  will  only 
be  increased  by  60  per  cent.  The  cross-section  of  the  stator  and  rotor 
cores,  however,  are  the  same  in  each  case,  and  to  avoid  excessive  flux- 
density  and  heating,  the  cross-section  of  the  cores  must  be  designed  for 
the  smaller  number  of  poles. 

It  will  be  of  interest  to  compare  the  masfnetising  cnrrents  for  the 
two  cases.  If  the  reluctance  of  the  iron  portion  of  the  magnetic  circuit 
be  neglected,  the  magnetising  current  of  a  three-phase  induction  motor 
is  given  by : —  * 

0'22A^^_0aiA^,, 

T/^p    ~     T/p  ^     ^ 

where  i^  is  the  r.m.s.  magnetising  current  in  amperes, 

A  the  length  of  the  air-gap  in  inches, 

B„  the  maximum  value  of  the  flux-density  (lines  per  sq.  in.)  in 
the  air-gap, 

T  the  turns  in  series  per  phase, 

p  the  number  of  poles. 
This  equation  shows  that  the  magnetising  current  will  be  directly 
proportional  to  the  flux-density  in  the  air-gap,  and  inversely  propor- 
tional to  the  turns  per  pole  per  phase  (i.e.  T/p).  Hence,  if  i^,  B^,  T  refer 
to  the  machine  when  connected  with  the  larger  number  of  poles  (=p), 
and  »',„,  B'y^,  T'  refer  to  the  machine  when  connected  for  one-half  of  this 
number  of  poles,  then 

U~^/P  •  T'lpj-B^      T  ' 
Now  5,/=  1  -5  B^,  and  T'^^T, 

therefore  ^,= — =-= — ,  whence  i'  =2-25i„». 

*  The  resultant  ampere-turns  per  pair  of  poles  per  phase  =2imTi  which  ampere- 
turns  are  expended  over  the  double  air-gap.     Hence  ^[ 


B^^^.^^^^r^.^,^^,  ori.»»-22AB 


m 
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Let  us  see  how  this  result  compares  with  that  for  the  method  of 
comiection  shown  in  Fig.  81.    If  jE7  is  the  line  voltage,  then  the  voltage 

E 
per  phase  for  thQ  star-connection  is  — =,  and  the  turns  in  series  per  phase 

V3 

are  \T ;  while,  for  the  A-connection,  the  voltage  i^r  phase  is  Ey  and  the 
effective  turns  in  series  per  phase  are  T'—(T-'\T)=%T  (since  one-third 
of  the  winding  is  inactive,  as  shown  above).  Hence  the  flux  in  the 
second  case  (corresponding  to  the  smaller  number  of  poles)  will  be 

<&'=4»— -— ^  =  1-3^ 

(*  being  the  flux  per  pole  corresponding  to  the  larger  number  of  poles). 

Hence  B'^=^B^.    Therefore  bt,=^x^=^'l,  whence  r„=0-24t^. 

It  is  apparent  that  this  method  of  connection  (Fig.  81)  is  preferable 
to  that  in  Fig.  79,  especially  for  railway  motors,  as,  when  the  motor  is 
running  with  the  smaller  number  of  poles,  the  flux-density  in  the  stator 
core  is  not  very  different  from  that  under  normal  conditions  (i.e.  with 
the  full  number  of  poles),  the  relative  densities  being  1*3 : 1  respectively. 
With  the  method  of  connection  shown  in  Fig.  79  the  relative  densities 
would  be  3  : 1,  if  the  supply  voltage  were  the  same  in  each  case.  Hence 
the  stator  core  for  the  former  method  of  connection  (Fig.  81)  can  be 
made  smaller  in  external  diameter  and  lighter  than  that  for  the  latter 
method  (Fig.  79),  assuming  other  features  of  the  design  to  be  identical. 

The  influence  of  the  number  of  poles  on  the  torque  of  a  change- 
able pole  motor  is  shown  by  the  following,  expression  *  : — 

^=^/(&j' (26) 

where  w  is  the  total  PR  loss  in  the  rotor  circuit,  and  M,  K,  p,  /,  a  have 
the  same  significance  as  above  (p.  102). 

Stator  and  rotor  windings  for  combined  pole-changing  and  cas- 
cade methods  of  speed  regulation. — ^The  above  discussion  on  change- 
able-pole motors  has  been  confined  to  windings  in  which  the  number  of 
poles  are  changed  in  the  ratio  of  2  : 1.  In  some  cases,  however — ^particu- 
larly where  the  pole-changing  and  cascade  methods  of  speed  regulation 
are  combined — ^it  is  desirable  to  be  able  to  change  the  poles  in  a  smaller 
ratio  than  2:1.  For  instance,  four  running  speeds,  in  the  ratio  of 
1  :  1*33 : 2 : 2-66  (or  1:1-5:2:3)  will  be  more  suitable  for  general 
railway  service  than  four  running  speeds  in  the  ratio  of  1:2:3:4. 
Now,  if  four  synchronous  speeds,  in  the  ratio  of  1 : 1  -33  :  2  :  2-66  are  to 

746 
*  The  total  power  developed  by  the  rotor =27m3f  x  ^^  ^^  watts,  which  is  equal 

to  the  total  PR  loss  (w)  in  the  rotor.  Substituting  for  n  from  equation  (21)  we 
obtain 

„   120/,,       ,,,        746 
w  =  2n — i(l— ff)Afx 


p   '        '         33,000' 
•.r        vop  33,000 

^^^^^  ^^=7(1=;0^  2.1x120x746' 
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be  obtained  by  the  combination  of  pole-changins  and  cascade  control, 
then  obviously  the  stator  and  rotor  windings  of  each  motor  must  be 


Fig.  84. — Connections  of  RotoriWinding  suitable  for  the  Pole-changing  Stator 

Winding  of  Fig.  83. 


TwO'phAse   61  ip  Rings 


Rotor 
Winding 


Three-phase  Slip  Rings 


Fio.  84o.— Diagram  of  CirouitB  for  the  Winding  shown  in  Fig.  84. 

such  that  two  groups  of  pdles — ^in  the  ratio  of  1  : 1  -33 — can  be  obtained. 
A  coiBory  consideration  of  the  problem  would  result  in  the  provision 
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of  two  sets  of  stator  and  rotor  windings  on  each  motor.  The  performance 
of  such  motors  would  not  be  very  notable,  while  the  duplication  of  the 
control  apparatus  would  result  in  an  undesirable  increase  in  the  weight 
and  maintenance  of  the  equipment. 

The  problem,  however,  admits  of  a  more  satisfactory  solution,  and 
it  is  possible  to  obtain  the  required  speed  variation,  with  satisfactory 
performance  at  all  speeds,  by  means  of  a  single  vnnding  on  each  stator 
and  rotor.  The  stator  winding  will,  of  course,  require  a  pole-changing 
switch,  and  the  single  rotor  winding  will  require  two  sets  of  slip-rings. 
The  manner  in  which  this  result  is  obtained  is  extremely  interesting, 
and  a  practicable  application  of  the  method  is  found  in  the  equipments 
for  the  four-speed  passenger  locomotives  built  by  the  Societal  Italiana 
Westinghouse  for  the  Italian  State  Railways.* 

Let  us  consider  that  the  poles  are  to  be  changed  in  the  ratio  of  8  :  6. 
Now  an  examination  of  an  8-pole  three-phase  full-pitch  winding  will 

show  that,  for  six  poles,  the  coils 
will  span  75  per  cent,  of  the 
pole  pitch  corresponding  to  the 
smaller  number  of  poles.  But 
this  8-pole  winding  cannot  be 
converted  into  a  6-pole  three- 
phase  winding  by  using  the 
same  coils.  It  may,  however,  be 
converted  into  a  6-pole  ttvo-phase 
winding  by  simply  interchang- 
ing the  connections  between  the 
coils,  in  the  manner  shown  in 
Fig.  83.  The  conversion  is 
shown  better  in  the  diagram  of 
2r  Fig.  83a,  which  represents  the 
relative  positions  of  the  coils  in 
the  stator,  and  also  their  phase 
relations,  for  the  three-phase 
and  two-phase  connections.  The 
two-phase  winding  may  be  sup- 
plied from  the  three-phase  system  by  means  of  two  "  T-connected  " 
auto-transformers,  as  described  in  Chapter  XI  (p.  252). 

Let  us  now  turn  our  attention  to  the  rotor  winding.  Obviously 
this  must  be  suitable  for  either  six  or  eight  poles.  Since  cascade  working 
is  to  be  adopted,  the  rotor  winding  must  be  capable  of  supplying  both 
three-phase  and  two-phase  current,  viz.  three-phase  current  with  eight 
poles,  and  two-phase  current  with  six  poles.  Although  these  require- 
ments may  appear  to  be  rather  onerous  for  a  single  wmding,  neverthe- 
less a  single  winding  can  be  arranged  to  fulfil  them.  Thus,  instead  of 
the  usual  star-connected  three-phase  rotor  winding  generally  adopted, 
we  may  use  four  star-connected  three-phase  windings  connected  per- 
manently in  parallel,  as  shown  in  Fig.  84.  This  winc^g  is  wound  with 
the  same  number  of  conductors  as  the  usual  winding,  and  the  three 
common  ends  of  the  windings  are  connected  to  one  set  of  three  slip- 
rings,  while  the  four  neutral  points  are  connected  to  another  set  of 
four  slip-rings.  These  connections  will  be  clear  from  an  inspection  of 
Fig.  84a. 

*  See  Chapter  XVII  for  a  description  of  these  locomotives. 
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Fia.  85.— Resultfl  of  Heat-run  on  220-H.P., 
12/6-Pole8.  25-Cycle,  Brown-Boveri  Rail- 
way Motor  (6-Pole  Winding). 


POLYPHASE  TRACTION  MOTORS  118 

The  voltage  relations  will  now  be  investigated.  Let  ST  denote  the 
total  number  of  turns  in  the  stator  winding,  and  ^3,  4>^  denote  respec- 
tively the  fluxes  corresponding  to  a  terminal  voltage  V  in  each  case. 
Then  the  turns  in  series  per  phase  will  be  T  for  the  three-phase  8-pole 

ST 
connection,  and  -5-  for  the  two-phase  6-pole  connection.    If  the  breadth 

coefficients  for  the  8-pole  and  the  6-pole  windings  be  assumed  as  0-96 
and  0-9  respectively,  then  we  must  have 

^=4:'UxO'9M^Tfx  10-2, 

and  F=4-44x0-9x0-92*a^/X  10-«,* 

whence  ^2=1*3^3« 

For  equal  fluxes  in  two-phase  and  three-phase  working  the  terminal 
voltage  for  the  6-pole  winding  must  therefore  be  0-76  of  the  normal 
three-phase  line  voltage.  This  voltage  can  readily  be  obtained  from  the 
auto-transformer.  • 

Let  T'  denote  the  total  number  of  turns  in  the  rotor  winding ;  then 

there  are  r^  turns  in  series  per  phase  for  three-phase  working,  and  -^ 

turns  in  series  per  phase  for  two-phase  working.  Hence,  with  equal 
fluxes  ($),  and  assuming  the  same  breadth  coefficients  as  above,  the  vol- 
tage ( F3)  between  the  three-phase  slip-rings  is 

T' 
F3  =  ^3  X  4-44  X  0-96  X  <>  X  J2  X/ X 10-2, 

and  the  voltage  ( V2)  between  the  two-phase  slip-rings  is 

'   F2  =  4-44x0-9 x0-92x^X^x/x  10-2,, 

whence  ¥2=  F3.  Thus  cascade  working  will  be  practicable  for  both  sets 
of  poles. 

General  considerations  relating  to  three-phase  traction  motors. 

The  principal  considerations — other  than  those  for  obtaining  speed 
variation — ^in  the  design  of  three-phase  motors  for  traction  service  are  : 
(1)  the  leakage  factor,  (2)  the  air-gap,  (3)  the  ventilatioa  (as  affecting 
the  temperature  rise).  "^ 

The  air-gap  affects  the  leakage  factor,  which,  in  turn,  affects  the 
power-factor  and  the  overload  capacity.  Now,  the  leakage  factor  or 
dispersion  coefficient  (or)  is  usually  defined  as  the  ratio  of  the  magnet- 
ising current  to  the  ideal  short-circuit  current  (at  normal  voltage) ;  and, 
by  means  of  the  Heyland  (or  circle)  diagram,  it  can  be  shown  that  the 

maximum  power-factor  (P-F^)  ^  given  by  P^«t=TT"  »  while  the  over- 
load capacity  (^)=  .  .  Hence,  in  the  interests  of  a  high  power-factor 
and  large  overload  capacity,  the  leakage  factor  must  be  small. 

*  The  term  0*92  is  introduced  to  allow  for  the  fractional  pitch  of  the  two-phase 
winding.  In  this  connection  see  Transactions  of  the  American  Institute  of  Electrical 
Engineers f  vol.  26,  p.  1485  (Paper  on  '*  Fractional-pitch  Windings  for  Induction 
Motors^"  by  Prof.  C.  A.  Adams). 
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Fio.  87.— Eolor  of  Westinghousc  410-H.P.,  S/4-Poke,  20-Cycle,  Three-phat 
Railway  Motor. 
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The  factors  which  influence  the  magnetising  current  have  already 
been  discussed.  The  ideal  short-circuit  current  is  determined  from  con- 
siderationB  of  the  leakage  reactance  of  the  windings,  which  is  usually 
estimated  from  empirical  formulse.'*  The  leakage  factor  may,  however, 
be  estimated  directly  from  the  formulae  of  Hobart  t  and  Behn-Eschenburg.f 
These  formulae  have  been  obtained  from  test  results  on  stationary  motors 
and  may  require  modification  when  applied  to  traction  motors,  as  the 


Fio.  88.— SodetAItalianaWeBtinghouse  1300'H.P.,  8/6-Po1eB,  10}-Cycle.  Three- 
phase  Railway  Motor.  Note.— Thia  motor  forms  the  seoondary  motor 
for  oascsde  working.  The  pole-ch»iging,  re-gruuping,  and  change-over 
BwiUihes  are  mouutM  on  the  imrno  of  the  motor,  and  are  operated  ^ctro- 
poeumatically. 

arrai^ment  of  the  windings  in  the  latter  machines  may  differ  from 
that  in  the  former  machines. 

The  air-gap  of  a  three-phase  traction  motor  is  generally  larger  than 
that  of  a  stationary  motor  of  similar  size  ;  and  in  order  to  obtain  a  high 
power-factor  under  these  conditions  it  is  necessary  to  (a)  adopt  a  low 
frequency  of  supply,  {b)  adopt  few  poles,  (c)  employ  nearly  closed  slots, 

*  For  a  full  discussion  on  the  leakage  of  induction  motors  see  "  The  Alt«mating- 
eurreot  Commutator  Motor,"  Goldschmidt  {Electrician  Series).  Alao  "Calculation 
of  the  Short  Circuit  Current  for  Three-phase  Motors,"  Oelschlager  (The  Electrieian, 
vol.  60,  p.  S34). 

t  "  Electric  Motors."  p.  474. 

}  Paper  on  "  The  Magnetic  Dispersion  in  Induction  Motors  "  {Journal  of  llie 
JtufttaiMfi  o/  Eltdrieal  Bnginetrt,  vol  33,  p.  239). 
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(d)  design  the  end  connections  for  a  low  leakage  reactance.  With  some 
large  Continental  motors  for  locomotives,  the  air-gap  is  of  the  order 
of  2  mm.  (0-08  in).,  which  is  about  60  per  cent,  larger  than  the  air-gap 
adopted  for  a  stationary  three-phase  motor  of  similar  output.  How- 
ever, the  air-gap  of  0-08  in.  is  very  small  in  comparison  with  the  air-gap 
of  continuous-current  railway  motors  (which  is  of  the  order  of  0-18  to 
0*25  in.).  The  bearings  of  three-phase  motors  must,  therefore,  be  de- 
signed more  liberally  than  those  of  continuous-current  traction  motors, 
and  an  efficient  system  of  lubrication  must  be  adopted. 

The  natural  ventilation  of  polyphase  traction  motors  icQgenerally 


L/ne     Amperes 

Fig.  89.— Characteristic  Curves  of  1000  H.P.,  8-Pole,  16-Cycle,  3300-volt, 
Three-phase  Railway  Motor  (wheels,  1070  mm.— 42-1  in. — diameter). 

Society  Itaiiana  Westinghouse. 

better  than  that  of  continuous-current  non-ventilated  motors,  owing  to 
the  more  open  construction  of  the  rotor  core  and  spider.  Moreover, 
the  absence  of  a  commutator  and  exposed  live  parts,  enables  the  end 
shields  to  be  of  an  open  design,  so  that  free  circulation  of  air  can  occur 
through  the  motor  (see  Fig,  90,  p.  117). 

The  largest  portion  of  the  total  losses  usually  occurs  in  the  stator, 
and  comprises  the  stator  core  loss  and  the  PR  loss  in  the  stator  winding. 
The  stator  frame  is,  therefore,  designed  to  secure  a  large  radiating 
surface,  and  is  either  of  a  box  section  with  ventilating  apertures,  or  of 
a  thin,  solid  section  with  radiating  fins  (see  Fig.  90,  p.  117).  The  losses 
in  the  stator  can  therefore  be  readily  dissipated,  and  with  an  open  design 
for  the  end  shields  the  motor  will  attain  its  final  temperature  after  a 
compeuratively  short  run  (of  two  to  three  hours)  as  indicated  by  the 
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curves  of  Pig.  85  which  refer  to  a  220-H.P.,  12/6  poles,  25-cycle  geared 
motor  mani2actured  by  Brown,  Boveri  &  Co.  Hence,  with  motors  of 
this  design  the  one-hour  and  continuous  ratings  will  not  differ  to  the 
same  extent  as  with  non- ventilated  totally  enclosed  motors. 

Ratii^. — In  some  cases  three-phase  motors  are  rated  on  a  one-hour 
basis,  and  in  other  cases  on  a  continuous  basis.  The  method  of  rating 
must  obviously  depend  on  the  class  of  service  on  which  the  motor  is  to 
operate,  and  where  this  service  involves  long-distance  runs  and  re- 
generative brakii^  the  motors  must  be  rated  on  a  continuous  bs,siB. 


When  rat«d  on  a  one-hour  basis  the  temperature  rise  is  usually  75°  C. — 
as  in  other  traction  motors  similarly  rated— but  for  continuous  opera- 
tion the  temperature  rise  should  be  limited  to  about  60°  C,  unless  special 
insulating  materials  are  adopted. 

Examples  of  Three-phase  Tkaction  Motors 

Three-phase  traction  motors  may  be  of  the  geared  type — similar  to 
continuous-current  motors — or  of  the  gearless  type,  in  which  case  the 
transmission  from  the  motors  to  the  driving  wheels  is  usually  by  means 
of  side  rods. 
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Geared  motors  have  been  adopted  on  the  three-phase  locomotiTeB 
built  by  the  Oeneral  Electric  Oo.  for  the  Cascade  Tunnel  electrification 
(Cireat  Northern  Railway,  U.S.A.)*  and  on  the  split-phase  locomotives 
built  by  the  Westinghoase  Go.  for  the  Norfolk  and  West«m  Railway 
electrification. 


Fio.  91. — Rotor  of  Brown.  Boveri  Four-speed,  Three-phase  Railway  Motor. 

Views  of  the  stator  and  rotor  of  one  of  the  motors  for  the  Norfolk 
and  Western  lOGOmotives  are  given  in  Figs.  86,  87,  while  a  view  showing 
the  motors  in  position  on  the  truck  is  given  in  Fig,  346  (p.  408),  The 
motors  are  wound  for  four  and  eight  poles,  and  are  rated  at  410  H.P. 

I   Tranaadiona  of  tht  Amtriean 
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for  1  hour  and  326  H.P.  ooatinuously,  with  forced  ventilation.  The 
construction  of  the  stator  core  should  be  noted ;  the  punchings  are 
rivet«d  to  steel  end-rings,  which  are  furnished  with  eye  bolte,  and  are 
seated  in  a  half-frame  forming  part  of  the  truck.  The  upper  portion 
of  the  motor  is  enclosed  in  a  pressed  steel  frame  wMch  communiisates 
with  the  ventilating  duct  on  the  locomotive.  (See  Chapter  XVII, 
p.  403.) 

The  "gearless"  typfi  of  motor  has  heen  developed  to  a  considerable 
extent  on  the  Continent,  in  connection  with  the  electrification  of  the 
Italian  State  Kailways  and  the  Simplon  Tunnel.  The  methods  of 
mounting  the  motors  on  the  locomotives  are  discussed  in  Chapter  XVII. 


FiQ.  92.— Charaotemtic  Curves  of  Brown,  Boveri  Four-epeed,  Three-phase  Railway 
Motor  (3000  volta,  Id-Oyclea ;  wheeb,  1260  mm. — 19.2  in, — diameter).  Note.— 
Full  lioee  denote  efficiency,  chaia-dotted  lines  denot«  power-factor. 

In  general,  the  motors  may  be  divided  into  three  classes,  viz. :  (1)  single 
motors  with  wound  rotors,  (2)  double  motors  with  wound  rotors,  and 
(3)  single  motors  with  squirrel-cage  rotors. 

The  motors  are  arranged  for  either  cascade,  pole-changing,  or  a 
combination  of  cascade  and  pole-changing  control  as  discussed  in 
Chapter  XI. 

A  typical  motor — built  by  the  Societ^  Italiana  Westinghoiue  for  the 
passenger  locomotives  described  in  Chapter  XVII  (see  Fig.  339,  p.  403) — 
IS  illustrated  in  Fig.  88.  This  motor  is  designed  for  combined  pole- 
changing  and  cascEwe  control,  the  poles  being  changed  in  the  ratio  of 
1-33  :  I  [i.e.  8  : 6).  The  switches  for  performing  the  functions  of  pole- 
changing,  re-grouping  the  stator  windings  (for  cascade  working),  and 
interconnecting  the  motors  (for  cascade  working),  are  located  on  the 
motor  frame  and  are  operated  electro-pneumaticaily.  The  two  sets  of 
slip-rings  can  be  seen  in  the  illustration.    Two  motors  are  located  on 
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the  framing  of  the  locomotive,  and  the  cranks  on  their  rotor  shafts 
are  connected  together  by  a  "  scotch  yoke  "  through  which  the  power 
is  transmitted  directly  to  the  driving  wheels  (see  Chapter  XVII  for 
details). 

Typical  characteristic  cunres  for  a  two-speed  cascade  motor  are 
given  in  Fig.  89,  in  which  the  high  power-factor  and  efficiency  should  be 
noted.  The  motor,  with  forced  ventilation,  is  rated  at  1000  H.P.  (one 
hour),  3300  volts,  15  frequency. 

Four-speed  changeable-pole  motors  with  squirrel-cage  rotors 

have  been  developed  by  Brown,  Bbveri  &  Co.  for  three-phase  locomotives. 
The  motors  have  two  stator  windings  (wound  with  poles  in  the  ratio  of 
1-6:1),  and  each  winding  is  arranged  so  that  the  poles  may  be  changed 
in  the  ratio  of  2 : 1  by  the  method  shown  in  Fig.  81.  Therefore  the 
four  synchronous  speeds  are  in  the  ratio  1:1-5:2:3. 

In  order  to  obtain  sufficient  starting  torque,  the  squirrel-cage  rotor 
winding  is  designed  with  a  high  resistance,  and  since  practically  the 

whole  of  the  starting  losses  occur  in 
the  rotor,  the  ventilation  of  this  part 
of  the  motor  has  received  special  con- 
sideration. In  the  Brown,  Boveri 
motors  the  frame-heads  are  of  open 
construction,  as  illustrated  in  Fig. 
90,  and  the  end-connections  of  the 
rotor  winding  are  designed  to  act  as 
fans  and  circulate  air  through  the 
motor. 

Views  of  a  rotor  are  shoT^oi  in 
Fig.  91.  The  conductors  consist  of 
bare  copper  tubes,  and  are  placed 
directly  in  the  slots,  so  that  tubes  are 
in  contact  with  rotor  laminations. 


fltf^r^S  Inpyt  (for  onm  winding) 


4O0 


Fio.  ^.--StartingPeiWan^of  Brown^  The  ends  of  the  tubes  are  connected 
Boven    Four -speed,     Three-phase  .^^.v^^      ..i,  ^x,-     „+^^«  ^t  ^^^*^^ 
Railway  Motor,  together  with  thm  strips  of  copper, 

which  are  fixed  radiallv  between  the 

conductors  and  the  shaft.    Thus  a  large  radiating  surface  is  obtained, 

and,  at  the  same  time,  the  end  connections  act  as  fans  and  produce  an 

efficient  circulation  of  air  through  the  interior  of  the  motor.    This 

type  of  construction  is  very  robust,  and  the  results  obtained  on  the 

locomotives  operating  through  the  Simplon  Tunnel  have  been  very 

satisfactory. 

In  the  motors  constructed  for  the  Simplon  Tunnel  locomotives  the 
stator  windings  consist  of  former-wound  coils  located  in  open  slots 
which  are  closed  by  hard  wood  wedges.  The  ends  of  the  windings  are 
completely  enclosed  in  winding  shields  in  order  to  protect  the  winding 
from  the  moist  air  of  the  tunnel.  The  windings  are  designed  for  the 
full  line  voltage  (3000  volts),  but  at  starting  and  for  speed  regulation 
they  are  suppUed  at  reduced  voltage  from  two  V-connected  auto- 
transformers. 

The  two  motors  on  each  locomotive  are  mounted  "  back-to-back  " 
on  the  locomotive  framing,  and  drive  the  wheels  through  a  special 
arrangement  of  coupling  rods,  as  shown  in  Fig.  341  (p.  404).  The  weight 
of  each  motor  is  approximately  12^  tons. 
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The  one-hour  ratings  of  each  motor,  when  supplied  at  3000  volts 
and  16  frequency,  are  as  follows  : 


Synchronous  Speed, 
r.p.m. 


H.P. 


850 
750 
650 
550 


The  efficiency,  power-factor,  and  speed. curves  corresponding  to  the 
different  numbers  of  poles,  are  given  in  Fig.  92,  while  curves  of  the  start- 
ing torque  are  given  in  Fig.  93.  These  curves  show  the  advantage  of 
the  larger  number  of  poles  at  starting,  and  also  the  effect  of  connecting 
the  two  stator  windings  in  parallel. 


CHAPTER  VII 

THE  TESTING  OF  TRACTION  MOTORS 

(Note. — ^It  is  suggested  that  the  Standardisation  Rules  in  Appendix  11 
be  carefully  studied  before  this  Chapter  is  read.) 

Introduction. — Tests  on  traction  motors  may  be  divided  into  two  classes, 
viz.  (1)  factory  tests,  which  include  (a)  commercial  tests  run  on  stand- 
ard machines,  (b)  special  tests  applied  to  machines  of  a  new  design ; 
and  (2)  tests  in  service,  which  are  generally  of  a  special  nature,  and  are 
run  to  ascertain  if  a  motor  equipment  fulfils  the  guaranteed  conditions 
of  service. 

It  will  be  convenient  to  discuss  first  the  factory  tests  applied  to 
continuous-  and  alternating-current  motors,  and  to  follow  this  with  a 
discussion  of  representative  tests  in  service. 

PART   I 

Factory  Tests  on  Continuous-Cubrbnt  Traction  Motors 

The  A.I.E.E.  Standardisation  Rules  (see  Appendix  II)  define  the 
rating  of  a  traction  motor  to  be  ''  the  mechanical  output  at  the  axle 
which  causes  a  rise  of  temperature  above  the  surrounding  air  not  ex- 
ceeding 75°  C.  (by  thermometer)  for  all  accessible  parts  except  the 
commutator  (where  a  rise  of  90°  C.  is  allowed),  after  one  hour's  con- 
tinuous run,  at  the  rated  voltage,  on  a  stand  with  the  motor  covers 
arranged  to  secure  maximum  ventilation."  This  test  must  be  run  on 
all  motors  unless  there  is  sufficient  evidence  to  show  that  a  machine 
fulfils  satisfactorily  the  specified  conditions  as  to  temperature  rise  and 
overload  capacity. 

A  commercial  test  on  a  traction  motor  will,  therefore,  include  the 

following : 

(1)  A  heat-run  of  one  hour's  duration  at  the  rated  load. 

(2)  A  speed  test  at  full  load,  in  each  direction  of  rotation,  to  check 

the  position  of  the  brushes  and  to  ascertain  if  the  speed  of 
the  motor  is  within  the  permissible  limits.  (The  speeds  in 
each  direction  of  rotation  must  not  differ  by  more  than  5  per 
cent.,  and  must  be  within  2}  per  cent,  of  the  rated  speed.) 

(3)  A  commutation  test  at  100  per  cent,  overload ;  and 

(4)  An  insulation  test,   consisting  of  a  brief  appUcation  of  high 

voltage. 
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With  standard  machineB  it  is  customary  to  teet  two  machines  to- 
gether, in  the  mamier  indicated  below,  operating  one  machine  as  a  motor 
during  the  first  half  of  the  heat-run,  and  the  other  machine  as  a  motor 
during  the  second  half  of  the  heat-run.  The  reaistanooB  of  the  armature 
and  field  windings  of  each  machine  are  obtained  at  the  start  and  finish 
of  the  run,  in  addition  to  the  temperatures  by  thermometer. 

The  insulation  test  is  applied  after  the  heat-run,  with  the  machines 
hot,  and  usually  consists  of  the  appUcation  of  2G0O  volts  (alternating) 
between  conductors  and  frame  for  a  period  of  one  minute. 

The  special  tests  under  heading  {b),  above,  include  (a)  an  eflSciency 
and  speed  test  over  the  whole  of  the  operating  range  of  the  motor,  from 
which  the  standard  characteristic  curves  of  the  machine  are  obtained ; 
(fi)  a  number  of  heat-runs  at  various  loads  for  the  purpose  of  determin- 
ing the  thermal  characteristics  ;   (y)  a  core-loss  and  saturation  test. 


Fio.  94. — Testing  Stand  for  Tnunway  Motora. 

Load  tests  are  generally  run  on  a  testing  Staod,  of  which  a  typical 
example,  showing  the  motors  in  position,  is  illustrated  in  Fig.  94.  The 
stand  is  arranged  to  accommodate  two  similar  motors,  each  machine 
being  geared  to  a  horizontal  shaft  carried  in  bearings.  One  machine 
is  operated  as  a  motor,  and  is  loaded  by  operating  the  other  machine 
as  a  generator.  The  latter  is  generally  separately  excited — the  field 
winding  being  connected  in  series  with  the  motor^ — and  may  either  be 
loaded  on  rheostats  or  loaded  back  on  the  supply.  In  the  tatter  case 
a  booster  will'be  required  to  make  up  the  difference  between  the  supply 
voltage  and  that  of  the  generator  armature,  while  in  both  cases  a  booster 
will  usually  be  required  for  maintaining  a  constant  voltage  at  the  ter- 
minals of  the  motor. 

Elementary  diagrams  showing  the  connections  of  the  machines  and 
booeters  for  both  of  these  methods  are  given  in  Fig.  96.  In  the  loading- 
back  method  it  is  necessary  to  start  the  set  with  the  generator  loaded 
on  a  rheostat  load  in  order  to  prevent  the  machines  reaching  an  ex- 
cessive speed,  the  rheostat  load  being  cut  out  as  soon  as  the  generator 
is  paralleled  with  the  supply.  The  load  is  then  regulated  by  adjusting 
the  field  of  the  "load  '  booster,  while  normal  voltage  is  maintained 
across  the  motor  by  regulating  the  field  of  the  "  line  "  booster. 

A  diagram  of  the  complete  connections  of  a  switchboard  for 
carrying  out  these  teats  on  a  commercial  scale  is  given  in  Fig.  96.     With 
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this  switchboard  it  is  possible  (1)  to  take  load  tests  by  either  of  the 
above  methods ;  (2)  to  operate  either  machine  as  motor  in  any  desired 
direction  of  rotation ;  (3)  to  electrically  lock  the  machines  against  each 
other,  so  that  the  resistances  of  both  machines  may  be  determined 
without  changing  the  main  connections ;  and  (4)  to  provide  for  any  of 
the  special  tests  detailed  below.  It  will  perhaps  be  of  interest  to  show 
how  some   of  these   combinations   can   be   obtained.    Thus,   suppose 


^^m. 


Traction     Motors 


mh 


Booster 


-®— ^>^AA^v\— 1 


Fig.  95a. — Connections  for  Load  Tests  on  Traction  Motors  (Rheostat  Load). 

No.  1  machine  is  to  be  tested  as  a  motor  by  the  loading-back  method. 
Switch  A  is  thrown  up,  and  switch  B  is  thrown  down,  the  reversing  switch 
F  being  in  the  position  for  the  desired  direction  of  rotation.  The  set 
is  started  up  on  a  rheostat  load,  and  the  voltage  of  the  generator  circuit 
adjusted  (by  means  of  the  "  load  "  booster)  to  equal  the  line  voltage, 
when  the  paralleling  switch  E  is  closed  and  the  rheostat  load  opened 


^^^ 


hn     Motors 


^ 


Line  ""^^"^^  Boosters 


Fig.  956. — Connections  for  Load  Tests  on  Traction  Motors  (Loading-back 

Method). 

on  switch  H.  The  voltages  across  the  paralleling  switch  are  read  on 
the  voltmeter  V  by  transferring  the  voltmeter  plug  to  receptacles  L,  M. 
After  the  generator  has  been  paralleled,  the  voltage  across  the  motor 
is  adjusted  to  the  normal  value  by  means  of  the  "  line  "  booster. 

If  it  is  desired  to  determine  the  resistances  of  each  machine,  then 
switches  A  and  B  are  kept  in  the  above  positions  and  switch  E  is  closed, 
switches  C,  H  being  open,  and  the  starting  rheostat  short-circuited. 
If  the  connections  are  traced  through,  it  will  be  found  that  the  armatures 
and  fields  of  both  machines  are  all  in  series  across  the  **  load  "  booster, 
which  will  therefore  suppl}^  the  current  for  taking  the  resistance  tests. 
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It  should,  of  course,  be  observed  that  the  torque  of  one  machine  can 
be  balanced  against  that  of  the  other  by  throwing  the  reversing  switches 
in  the  proper  position,  and  under  these  conditions  the  machines  will 
be  locked  against  movement. 

In  running  an  efSciency  test  on  the  machines  it  is  necessary  to 
determine  (a)  the  motor  input,  (b)  the  generator  output,  and  (c)  the 


Fig.  96. — Connections  of  Switchboard  for  Testing  Traction  Motors. 

loss  in  the  generator  field.  The  input  and  output  currents  are  read  on 
ammeters  connected  to  the  ammeter  short-circuiting  switches  J,  K, 
while  the  various  voltages  are  read  on  the  voltmeter  F,  by  means  of  the 
multi-contact  voltmeter  switch  S,  the  voltmeter  plug  being  in  receptacle 
N,  In  large  motors  the  potential  leads  for  the  voltmeter  should  be 
taken  off  the  terminals  of  the  machines,  and  to  provide  against  the 
reversal  of  the  voltmeter,  when  the  direction  of  rotation  is  changed, 
the  potential  leads  from  the  armatures  are  connected  to  the  receptacles 
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O,  R,  and  connection  to  the  voltmeter  switch  contacts  is  made  by  means 
of  plugs  Pi,  Pj. 

The  efficiency  of  the  machine  operating  as  a  motor  is  determined  in 
the  following  manner : 

Let  Fj  =  voltage  across  motor  terminals, 

V   =  volta^  across  motor  and  generator  field  (called  the  **  total " 

voltage), 
V^  =  voltage  across  generator  armature, 

1 1  =  motor  current  in  amperes  (input), 

1 2  =  generator  current  in  amperes  (output). 
Then  the  total  losses  will  be— 

Now,  since  the  generator  field  is  connected  in  series  with  the  motor 
and  each  machine  is  running  at  tl^e  same  speed,  the  field,  core,  friction, 
and  gear  losses  may  be  assumed  as  equal  in  each  machine,  while  the 
armature  PR  losses  will  be  the  only  components  of  the  total  losses  which 
differ  in  the  two  machines.  Letting  Ri,  R^  equal  the  resistances  of  the 
motor  and  generator  armature  *  respectively,  we  have  the  total  loss 
in  the  motor 

and,  since  the  motor  input  is  Fj/i,  the  efficiency  will  be  given  by 

7,=l-^{(F+Ai?i)-^(Fg+/,i?,)} (27) 

a  form  which  is  convenient  for  calculation. 

If  the  motor  voltage  Fj  is  maintained  constant  at  500  volts,  the 
percentage  efficiency  w3l  be  given  by 

^%=100-0-l{(F+/ii?i)-j?(F,+/2i22)}. (27a) 

and  at  600  volts  by 

i,%  =  100-0-083{(F4/ii?i)-^^F3  +  /,i?,)} (276) 

When  a  large  number  of  results  have  to  be  worked  up,  the  working 
is  conveniently  done  in  tabular  form,  as  shown  in  the  example  in 
Table  VIII. 

In  cases  where  the  rheostat  method  of  loading  is  adopted,!  a  greater 
degree  of  accuracy  can  be  obtained  by  measuring  directly  the  differences 
between  the  motor  and  generator  currents  and  voltages,  instead  of 
determining  each  of  these  quantities  separately.  The  connections  {* 
for  this  method  are  shown  in  Fig.  97,  fi,  r2  being  standard  resistances 
or  shunts  and  MV  a,  millivoltmeter,  which  is  of  such  a  range  that  a  large 

*  For  accurate  calculations  these  should  include  the  brush  contact  resistance, 
otherwise  the  brush  I*R  loss  will  be  included  in  the  **  constant  "  losses. 

t  This  method  is  due  to  Professor  £.  Wilson.  See  a  paper  read  before  Section  G 
of  the  British  Association,  1903.     Electrician,  vol.  51,  p.  891. 

X  These  connections  cannot  be  adopted  for  the  loading-back  method  of  testing. 
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deflection  can  be  obtained  for  the  maximum  value  of  (/j— /j).  If 
(/i--/2)=i,  and  (Vi—V^)=v,  then  the  above  equation  (27)  for  efficiency 
becomes 

'?=l-^[(F+/ii?i)-^U^i-^)+^2(A-*')}] (27c) 

TABLE   VIII 
MsTHOD  OF  Tabulation  for  working  out  Efficiency  Test 

Rating  of  Motor,  28  H.P.,  500  volts,  450  r.p.m. 

Average  Hot  Resistances  for  Test : — 

Motor  :  Armature,  0*48  ohm  ;   brushes,  0*05  ohm  ;   field,  0-84  ohm 

(.-.  i?i « 0-48 +  0O5« 0-63  ohm). 
Generator :    Armature,  0-465   ohm ;    brushes,   0-05   ohm ;    field, 

0-84  ohm  (/.  i22«0-465+0O5«0-51  ohm). 

Resistances  at  75°  C. ; — 

Armature,  0-42  ohm  ;  field,  0*86  ohm  ;   brushes,  0-05  ohm.    Total, 
1-33  ohm. 


1 

1           Motor. 

1 

ToUl 

Volte 

V. 

Generator. 

IiRi 

V+I,Ri 

IsRi 

+ 
> 

Hi 

+ 

M 

827 
340 
342 
341 
360 
338 
296 
204 

»H      + 

100- 0*1  { 
iV-HiR,)- 

^Va-HlaR,)} 

Per  Cent 
Efficiency. 

VolU 
Vi. 

Am- 
peres 
Ii. 

Speed. 

Arma- 
ture 
VolU 
Vi 

Arma- 

tare 

Amperes 

Field 
Am- 
peres. 

soo 

78 
70 
00 
50 
40 
80 
SO 
1% 

885 
406 
442 
482 
622 
600 
728 
1085 

573 
567 
667 
642 
538 
528 
518 
512 

862 
369 
388 
406 
427 
443 
468 
480 

66 
69-5 
60-2 
30*8 
81-6 
22*8 
12-6 
5-1 

78 
70 
00 
60 
40 
30 
20 
12 

41*4 
87 
31*8 
26*6 
21-2 
16-9 
10-6 
6-4 

614-4 

604 

689 

668-6 

659 

644 

628 

618 

387 
30*3 
25-6 
20-3 
161 
11*8 
6-4 
2-6 

3867 

899*3 

4086 

428-8 

443 

464-3 

469-4 

482-6 

287 
264 
247 
227 
209 
206 
232 
814 

71*3 
73-6 
75-3 
77-3 
79-1 
79-4 
76*8 
68-6 

In  working  out  standard  characteristic  carves,  such  as  those  given 

in  Figs.  30,  31,  32,  the  test  readings  are  corrected  for  a  copper  tempera- 
ture of  75°  C,  and  for  a  gear  and  friction  loss,  at  the  rated  load,  equiva- 
lent to  5  per  cent,  of  the  input  (see  Appendix  II).  Thus  the  actual  ^ear 
loss,  which  would  otherwise  be  a  variable  quantity  in  different  machmes 
of  the  same  rating,  is  replaced  by  a  definite  quantity  which  is  constant 
in  machines  of  equal  rating,  and  in  this  manner  all  characteristic  curves 
are  directly  comparable. 

The  corrections  may  be  conveniently  applied  to  the  uncorrected 
efficiency  curve  in  the  following  maimer.  Since  the  efficiency  curve 
is  plotted  with  current  input  as  abscissae,  and  the  voltage  is  constant, 
the  ordinate  between  any  point  of  the  curve  and  100  will  represent  the 
losses  as  a  percentage  of  the  input.  Hence  the  PR  losses  will  be  repre- 
sented by  a  straight  line  drawn  through  the  point  100,  0,  as  indicated 
in  Fig.  98.  The  intercept  between  this  line  and  the  efficiency  curve 
will  therefore  represent  the  core,  friction,  and  gear  losses  as  a  percentage 
of  the  input.  When  the  core  loss  is  known,  the  actual  gear  and  friction 
loss  can  be  deduced  and  corrected  to  the  values  given  in  §  1 100,  Appendix 


n- 
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II.  The  efficiency  curve  in  Fig.  98,  which  refers  to  the  test  results  in 
Table  VIII,  has  been  corrected  in  this  manner,  the  corrected  curve  being 
shown  in  full  line  and  the  uncorrected  curve  in  dotted  line. 

The  speed  curve  is  also  corrected,  to  correspond  to  a  copper  tem- 
perature of  75°  C,  in  the  following  manner  : 

Let  R  denote  the  resistance  of  the  armature  and  field  windings  at  a 
temperature  of  75°  C,  R^  the  resistances  during  the  test,  w^  the  test  speed, 
and  n  the  corrected  speed,  both  corresponding  to  a  current  /.  If  the 
terminal  voltage  during  the  test  has  been  held  at  its  normal  value  F,, 
then 

n     V^-IR  ' 

whence  ^^^^(V-^IR  ) ^^^^ 

If  the  speed  Wj  has  been  determined  at  a  voltage  (V\)  other  than 
normal,  then 

/V^--IR\ 

'-''\V\-IRJ' 

The  speed  curve  is  usually  plotted  in  miles  per  hour,  correspond- 
ing ,to  the  diameter  of  wheel  and  gear  ratio  to  be  used.  If  D  represents 
the  diameter  of  driving  wheels  in  inches,  and  y  represents  the  gear  ratio, 
then  the  speed  S  of  the  car  (in  ml.p.h.),  corresponding  to  a  motor  speed 
n  (r.p.m.),  will  be 

The  torque  curve  can  readily  be  obtained  from  the  efficiency  and 
speed  curves.  It  is  generally  plotted  in  terms  of  the  tractive-effort 
(expressed  in  lb.)  at  the  driving  wheels.  Thus,  for  a  current  of  /j,  and 
(normal)  voltage  Fj,  the  tractive-effort  (jF)  in  lb.  will  be 

iT_]Vi2  V      33000  X  60  X  24         0-0192  Fi/ii? 

^~  SD  ^2tcx 746x100x5280"        8D  ^^^ 

•q  and  S  denoting  the  percentage  efficiency  and  speed  (ml.p.h.)  respec- 
tively, which  are  obtained  from  the  curves,  and  D  the  diameter  of  the 
driving  wheels  in  inches. 

The  core  loss  (i.e.  the  iron  loss  in  the  armature  core  and  the  eddy- 
current  losses  (if  any)  in  the  armature  conductors,  armature  flanges, 
&c.)  may  be  determined  by  two  methods,  viz.  (1)  by  driving  the  traction 
motor  by  a  smaller  shunt  motor  and  measuring  the  input  to  the  latter 
when  the  former  is  (a)  unexcited,  (h)  excited  with  various  field  currents, 
the  speed  being  held  constant  throughout ;  or  (2)  by  running  the  traction 
motor  light,  with  separately  excited  field,  and  measuring  the  input  to 
the  armature  at  various  excitations,  the  speed  for  each  excitation  being 
obtained  from  the  speed-curve  of  the  motor.  Although  both  of  these 
methods  are  in  use,  method  (1),  notwithstanding  its  being  a  more  lengthy 
process  than  method  (2),  is  to  be  preferred  where  accurate  results  are 
required,  since,  by  the  proper  choice  of  the  driving  motor,  a  large  varia- 
tion of  the  current  input  can  be  obtained  between  zero  and  maximum 
excitation  on  the  traction  motor. 

When  the  core  loss  is  derived  by  running  the  traction  motor  light,  as 
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in  method  (2),  the  variation  in  the  current  input  is  small,  and,  in  conse- 
quence, the  acciuracy  is  not  very  great.  This  method,  however,  has 
the  advantage  of  being  performed  quickly,  and  can  be  adopted  where 
only  a  rough  indication  of  the  core  loss  is  required. 

Considering  method  (1)  in  detail,  the  procedure  is  practically  the 
same  as  that  adopted  for  a  core-loss  test  on  a  continuous-current  gener- 
ator or  stationary  motor.  The  armature  shaft  of  the  traction  motor  is 
belted  to  a  small  shunt  motor  of  such  a  size  that  the  maximum  current 
input  (corresponding  to  the  maximum  excitation  on  the  traction  motor) 
does  not  exceed  60  per  cent,  of  the  full  load  current.*  The  field  winding 
of  this  motor  is  separately  excited,  and  the  armature  is  run  from  a  circuit 
of  which  the  voltage  is  under  control.    The  field  winding  of  the  traction 


^^*^^#^-^'&:»  i#tJ 


Booster 
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Fig.  97.— Connections  for  Efficiency  Tests  on  Traction  Motors. 

motor  is  separately  excited  from  a  low  voltage  supply.  Instruments 
are  connected  in  the  armature  and  field  circuits  of  both  machines,  as 
indicated  in  Fig.  99.  A  series  of  readings  are  taken  at  various  exciting 
currents  on  the  traction  motor  (from  zero  to  the  maximum),  the  field 
current  of  the  driving  motor  being  maintained  at  a  constant  value, 
and  the  speed  being  held  constant  throughout  by  adjusting  the  voltage 
supplied  to  the  armature.  Under  these  conditions  the  core  loss  for  a 
given  exciting  current  will  be  given  by  the  increase  in  the  input  to  the 
driving  motor  (corrected  for  PR  loss)  between  zero  excitation  and  the 
given  value.  A  tjrpical  set  of  readings  and  the  values  of  the  core  loss 
deduced  therefrom  are  given  in  Table  IX.  Similar  sets  of  observations 
will  be  required  at  other  speeds  in  order  to  obtain  the  "  characteristic 
core-loss  curve  "  (which  shows  the  core  loss  at  any  load  when  the  motor 
is  supplied  at  constant  voltage). 

The  results  are  plotted  with  exciting  current  as  abscissae,  and  the 
speed-curve  of  the  motor  is  plotted  on  the  same  sheet,  as  shown  in  Fig. 
100.    To  obtain  the  characteristic  core-loss  curve,  we  must  ascertain 

•  Generally,  the  rating  of  the  driving  motor  should  be  about  10  to  15  per  cent, 
of  that  of  the  mcushine  under  test.  To  obtain  good  results  the  following  conditions 
should  be  fulfilled  :— 

(1)  Maximum  current  input  to  driving  motor  should  not  exceed  60  per  cent, 
of  the  full  load  current ;  (2)  Input  current  when  drivinc  the  machine  under  test 
unexcited  should  not  exceed  20  to  26  per  cent,  of  the  full  load  current. 
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the  currents  (from  the  speed-curve)  corresponding  to  the  speeds  of  the 
individual  core-loss  tests.  In  this  manner  a  single  point  is  obtained 
on  each  core-loss  curve,  and  the  curve  through  these  points  will  be  the 
charsKiteristic  core-loss  ciurve. 

If  speed-curves  corresponding  to  voltages  other  than  normal  are 
also  plotted,  the  characteristic  core-loss  curves  for  these  voltages  can 
readily  be  obtained. 

TABLE   IX 
Typical  Sbt  op  Readings  por  Core-loss  Test 

Resistance  of  Arxnature  Circuit  of  Driving  Motors  1*12  ohms. 


Machine  onder  Test. 

Speed. 

Field 

Armature 

Amperes. 

Volte. 

400 

0 

•    • 

20 

367 

25 

401 

30 

423 

36 

443 

40 

463 

45 

475 

DriTlng  Motor. 

• 

Input  to 

Driving 

Motor 

(WatU). 

Armature 
Volts. 

Armature 
Amperes. 

Field 
Amperes. 

188 

3  02 

0-6 

568 

192 

503 

966 

192-6 

5-67 

1092 

193 

6-3 

1216 

194-5 

6-82 

1327 

196-5 

7-47 

1460 

196-2 

7-9 

1550 

r^RLoss 
in 

Armature 
Circuit 

of  Driving 
Motor 

(Watts). 


Input 

less  I«R 

Loss 

(WatU). 


11 
28 
36 
44 
52 
63 
70 


557 
938 
1056 
1172 
1275 
1397 
1480 


Core 
Loss 

(WaUs). 


381 
499 
615 
718 
840 
923 


The  saturation  curve  of  the  motor  is  obtained  at  the  same  time  as 
the  core-loss  test  by  observing  the  armature  voltage  at  each  value  of 
the  exciting  current.  The  flux  is  then  calculated  and  plotted  against 
the  exciting  current,  or  the  ampere-turns  per  spool. 

In  the  second  method,  the  field  of  the  traction  motor  is  separately 
excited  and  the  armature  is  run  light  from  a  variable  voltage  supply. 
Readings  are  taken  of  the  input  to  the  armature  at  various  values  of 
the  exciting  current  and  speed  (the  speed  for  a  given  excitation  being 
adjusted  to  that  corresponding  to  this  current  on  the  speed-curve). 
The  input  so  obtained  will  be  equal  to  the  core  and  friction  losses. 

To  separate  out  the  core  losfe  the  machine  is  run  light — as  a  series 
motor — on  a  low  voltage  circuit,  and  the  input  to  the  armature  is  observed 
for  speeds  corresponding  to  those  in  the  previous  test.  Since  the  excita- 
tion will  be  very  low,  the  input  to  the  armature  may  be  taken  as  equi- 
valent to  the  friction  loss.  Provided  that  the  speeds  have  been  correctly 
adjusted,  the  difference  between  the  two  tests  will  give  the  character- 
istic core-loss  curve  without  further  calculations. 

A  modification  of  the  above  method  which  is  sometimes  adopted  ii^ 
shown  in  Fig.  101.  In  this  case  the  armature  is  connected  in  series 
with  the  field  winding,  but  is  shunted  with  a  variable  resistance  R,  and 
the  machine  is  run  light  from  a  500-volt  circuit.  The  field  current  is 
adjusted  by  varying  the  shunt  resistance  R,  and  the  speed  is  adjusted 
to  the  precise  value  by  the  rheostat  r .  It  will  be  realised  that  this 
method  is  extremely  wasteful,  and  its  use  should  be  restricted  to  the 
smaller  traction  motors  when  no  low-voltage  supply  is  available. 

A  condition  essential  to  all  core-loss  tests  is  that  readings  must  only 
be  taken  after  the  speed  has  become  steady.    When  method  (1)  is 
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adopted,  it  is  necessary  to  take  precautions  against  an  alteration  of  the 
friction  during  the  individual  tests. 

The  thermal  characteristic  of  a  traction  motor  is  a  curve  showing 
the  time   that   the    motor  will 


100 


carry  various  loads  at  normal 
voltage  with  a  temperature  rise 
of  75  C,  the  machine  being  at 
atmospheric  temperature  at  the 
start,  and  the  conditions  of  ven- 
tilation being  the  same  as  those 
for  the  standard  one -hour  test. 
Hence,  to  obtain  this  character- 
istic, it  is  necessary  to  take  heat- 
runs  at  different  loads  and  normal 
voltage.  In  these  runs  the  tem- 
peratures of  the  field  coils  which 
are  accessible  are  recorded  every 
15  minutes,  and  in  this  manner 
an  indication  of  the  length  of 
the  run  is  obtained.  The  run 
should,  of  course,  be  stopped 
when  the  temperature  rise  reaches 
75°  C,  and  the  complete  tem- 
peratures of  all  parts*  obtained. 
In  many   cases,    however,    the 

thermal  characteristic  of  the  armature  is  not  identical  with  that  of 
the  field,  and  in  some  cases  the  armature  heating  is  the  limiting  feature 
at  all  loads.    Under  the  li^tter  conditions  the  runs  will  have  to  be  stopped 

before  the  field  winding 
has  attained  the  standard 
temperature  rise  (75°  C), 
and,  if  the  temperature  rise 
of  the  armature  differs  from 
this,  the  length  of  the  run 
to  give  the  standard  tem- 
perature rise  will  have  to 
be  obtained  either  by  extra- 
polation or  from  another 
heat-run  at  the  same  load. 


Fig.  98. — Method  of  Correcting  Efficiency - 
curve  to  Standard  Friction  and  Qear-loBs. 
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' The  results  of  a  series 

of  heat  -  runs,  for  the  de- 
termination of  the  thermal 
characteristic  of  a  railway 
motor,  are  shown  graphi- 
cally in  Fig.  102,  and  the 
thermal   characteristic   de- 
duced from  these   tests  is 
plotted  in  Fig.  103. 
In  large  motors  the  armature  heating  is  generally  limiting  for  all 
loads,  but  in  small  motors  the  field  heating  may  be  limiting  at  heavy 
loads,  and  the  armature  heating  limiting  at  light  loads.    The  thermal 
characteristic  in  this  case  will  not  be   a  smooth  curve,  but  will  con- 


FiG.  99. — Connections  for  Core-loss  Test  on  Con- 
tinuous-current Traction  Motor. 
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sist  of  portions  of  the  thermal  chaxacteristics  of  the  armature  and 
field. 

These  thermal  charaK^teristics  are  useful  in  showing  how  the  tempera- 
ture of  a  motor  will  be  affected  by  steady  loads  of  definite  duration. 
The  continuous  rating  of  the  motor  obtained  from  these  tests  will  differ 
from  the  continuous  rating  of  the  machine  when  operating  under  service 
conditions,  on  account  of  the  distribution  of  losses  not  being  the  same 
in  each  case. 

When  the  service  on  which  a  given  motor  has  to  operate  is  known, 
the  approximate  temperature  rise  of  the  machine  can  be  obtained  from 
a  heat-run  in  which  the  losses  in  the  motor  are  equivalent  to,  and  dis- 


Fig.  100. — Results  of  Core-loss  Test  on  Traction  Motor. 

tributed  in  the  same  ratio  as,  the  average  losses  in  service,  the  motor 
covers  being  arranged  as  in  service.  The  heat-run  is  continued  until  a 
constant  temperature  is  reached,  and  in  this  manner  we  obtain  the 
continuous  service  capacitjr  of  the  motor  (see  Standardisation  Rules, 
§1104).  The  temperature  rise  obtained  by  this  method,  however,  will 
be  slightly  higher  than  that  obtained  in  service,  on  account  of  the  better 
ventilation  in  the  latter  case. 

The  method  of  obtaining  the  voltage  and  current  at  which  this  test 
must  be  conducted  is  as  follows.  From  the  service  speed-time  curves 
the  corresponding  curves  of  the  voltage  and  current  for  each  motor  are 
obtained.  The  mean  voltage  and  B.M.S.  current  are  then  calculated 
over  the  whole  period  in  which  the  motor  is  in  service,  and  these  values 
adopted  for  the  heat-run.  It  is  apparent  that  the  losses  in  the  motor 
during  this  test  will  have  the  same  value  as  the  average  losses  in  service, 
and,  moreover,  the  ratio  of  the  distribution  will  be  the  same  in  each 
case. 

When  this  test  is  run  on  a  self -ventilated  maclune,  the  speed  of  the 
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armature  during  the  test  must  be  equal  to  that  corresponding  to  the 
schedule  speed  in  service.  The  voltage  corresponding  to  this  speed 
may  differ  from  the  mean  voltage  in  service,  and  in  this  case  the  test 
must  be  run  with  the  total  armature  loss  and  the  field  loss  equivalent 
to  the  average  values  obtained  above,  although  the  ratio  of  the  arma- 
ture PR  loss  to  the  core  loss  may  not  be  the  same  in  the  two  cases. 


PART    II 

Factory  Tests  on  Alternating-Current  Traction  Motors 

In  view  of  the  various  types  of  alternating-current  motors  which 
have  been  developed  for  electric  traction  and  their  limited  use,  we  can 
only  refer  to  the  factory  tests  in  a  general  manner,  and  shall,  in  genera], 
only  consider  single-phase  commutator  motors. 

Single-phase  motors,  for  operating  suburban  traffic,  should  be  given 
a  commercial  test  in  a  similar  manner  to  continuous-current  motors. 


TnAcChf  Motor 


W-^^-^H^ 


R 


FiQ.  101. — Connections  for  Core-loss  Test  by  Running-light  Method. 

Each  motor  should  therefore  be  run  for  one  hour  at  its  rated  load  with 
normal  voltage  and  frequency,  the  resistances  and  temperatures  being 
obtained  in  the  usual  manner.  This  test  should  be  followed  by  a  speed 
test  in  each  direction  of  rotation,  a  commutation  test  at  various  loads, 
including  starting,  and  an  insulation  test.  In  addition  to  these  tests, 
the  impedance  of  the  motor  should  be  measured  at  normal  frequency 
with  the  armature  stationary. 

The  loading-back  method  cannot  be  applied  conveniently  to  single- 
phase  motors,  and  in  consequence  the  load  must  take  the  form  either 
of  a  continuous-current  generator  or  a  mechanical  brake.*  With  com- 
pensated series  motors,  however,  two  machines  may  be  coupled  to- 
gether (or  mounted  on  a  test  stand  in  a  similar  manner  to  continuous- 
current  motors)  and  one  machine  operated  as  a  separately-excited 
continuous-current  generator.  This  arrangement  is  convenient  for  heat- 
milS  and  load  tests  in  which  efficiency  readings  are  not  required,  but 
for  efficiency  tests  the  motor  must  be  loaded  on  a  brake  and  the  output 
determined  mechanically. 

In  efficiency  tests  readings  are  obtained  of  the  input  (by  wattmeter 
and  ammeter),  torque  and  speed  over  a  range  of  loads  at  constant 
voltage  and  frequency.  The  readings  are  then  corrected  to  a  definite 
copper  temperature  and  gear  loss  (if  any)  in  a  manner  similar  to  that 

*  The  Froude  water-dynamometer  is  very  convenient  for  this  purpose. 


184 


ELECTRIC  TRACTION 


adopted  for  continuous-current  motors,  and  the  efficiency  and  power- 
factor  calculated,  while  the  torque  and  armature  speed  are  converted 
into  tractive-efifort  and  train  speed,  to  correspond  to  the  operating 
conditions.  The  results  are  then  plotted  against  input  amperes  (as 
abscisssB),  thus  giving  the  characteristic  curves  of  the  motor. 

For  the  calculation  of  speed-time  curves,  the  above  characteristic 
curves  must  be  supplemented  by  others,  showing  the  performance  of 
the  motor  when  operating  at  the  voltages  corresponding  to  the  various 
tappings  on  the  main  transformer ;  while,  for  the  calculation  of  energ>^ 
consumption  and  the  load  on  the  distributing  system,  the  input  to  the 
primary  of  the  main  transformer  will  be  required.  In  cases  where  eaxjh 
motor  is  fed  from  a  separate  transformer — ^as  in  some  locomotives— 
the  characteristic  curves  of  the  transformer  can  be  readily  combined 
with  those  of  the  motor,  and  a  set  of  curves  (similar  to  Fig.  74)  obtained, 
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Fig.  102. — Results  of  Thermal  Tests  on 
Railway  Motor.  Notb. — Full  lines 
refer  to  armature,  chain-dotted  lines 
refer  to  field. 


Fio.  103. — Thermal  Characteristic  de- 
duced from  Fig.  102. 


in  which  are  plotted  (with  primary  current  as  abscissae)  the  overall 
efficiency,  the  power-factor,  the  tractive-eflFort,  and  the  speed-curves 
corresponding  to  the  various  ratios  of  the  main  transformer.  When 
motors  of  moderate  size  are  adopted — ^as  in  motor-coaches — ^it  is  the 
general  practice  to  supply  two  or  more  motors  from  one  transformer, 
and  in  this  case  the  correct  proportion  of  the  transformer  losses  must 
be  allocated  to  each  motor  in  determining  the  combined  efficiency 
curve. 

The  method  of  conducting  the  tests  for  the  determination  of  the 
thermal  characteristics  will,  in  general,  be  similar  to  that  adopted  for 
continuous-current  motors,  of  which  full  particulars  have  been  given 
above. 

Oore  loss. — In  single-phase  commutator  motors,  core  losses  occur 
in  the  field  structure  (or  stator  core)  as  well  as  in  the  armature  core. 
The  loss  in  the  latter  consists  of  two  components,  one  due  to  the  alter- 
nating flux  and  the  other  due  to  the  rotation  of  the  armature.  The  core 
loss  in  the  stator  (and  the  component  of  the  armature  core  loss  which 
is  due  to  the  alternating  flux)  will  be  supplied  by  the  exciting  current, 
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and  can  therefore  be  measured  by  a  wattmeter  in  this  circuit.  The 
other  component  of  the  armature  core  loss  (which  is  due  to  the  rotation 
of  the  armature)  can  be  determined  by  measuring  the  power  required 
to  drive  the  armature,  in  exactly  the  same  manner  as  if  we  were  dealing 
with  a  continuous-current  machine.  These  tests  must  be  conducted 
with  the  brushes  raised  from  the  commutator,  as  otherwise  the  copper 
losses  in  the  field  and  armature  windings  (resulting  from  the  circulating 
currents  in  the  coils  short-circuited  by  the  brushes)  will  be  included 
with  the  core  losses. 

In  order  to  obtain  the  magnitude  of  the  losses  due  to  the  circulating 
currents,  it  is  the  practice,  in  core-loss  tests,  to  take  two  tests,  one  with 
all  brushes  on  the  commu- 
tator, and  the  other  with 
all  brushes  raised  from  the 
commutator. 

The  method  of  pro- 
cedure, in  the  case  of  a 
core-loss  test  on  a  compen- 
sated-series  motor,  is  as 
follows.  The  main -field 
winding  (without  the  com- 
pensating or  commutating- 
poie  windings)  is  arranged 
for  separate  excitation 
from  a  variable  voltage 
supply  of  the  correct  fre- 
quency, and  a  wattmeter, 
an  ammeter,  and  a  volt- 
meter are  connected  in  the 
circuit.     (See  Fig.  104.) 

The  armature  is  arranged 
to  be  driven  at  various 
speeds  frqm  a  small  shunt 

motor,  the  armature  of  which  is  connected  to  a  variable  voltage  supply, 
while  the  field  is  separately  excited  at  a  constant  current.  An  ammeter 
and  a  voltmeter  are  connected  in  the  armature  circuit  of  the  driving 
motor.* 

The  brushes  of  the  motor  under  test  are  removed,  and  a  series  of  read- 
ings are  then  taken  oyer  a  range  of  exciting  currents  (from  zero  to  about 
50  per  cent,  overload)  at  four  or  five  different  speeds,t  the  speed  being 
maintained  constant  for  each  set  of  readings.  In  this  manner  both 
components  of  the  rotor  core  loss,  together  with  the  stator  core  loss, 
are  determined  at  the  same  time.  Provided  that  there  are  no  circulating 
currents  in  the  armature  due  to  transformer  action,!  the  wattmeter  in 

*  For  the  relation  between  the  sizes  of  this  motor  and  the  machine  under  test, 
aee  footnote  on  p.  129. 

t  Or,  for  each  value  of  the  exciting  current  the  corresponding  speed  is  obtained 
from  the  speed-curve,  and  readings  taken  at  this  speed  with  and  without  excitation. 
In  this  manner  the  points  on  the  characteristic  core-Joss  curve  are  determined  directly, 
but  the  results  will  be  affected  to  a  much  greater  extent  by  inaccuracies  in  individual 
readings  than  when  the  test  is  conducted  in  the  manner  detailed  above.  More- 
over, the  results  only  give  the  characteristic  core-loss  curve  for  one  operating  voltage. 

X  Circulating  currents  may  be  produced  in  multiple-circuit  armature  windings 
if  they  are  unbalanced  magnetically  or  electrically. 


p-JWVW       0- 


Fig.  104. — Connections  for  Core-loss  Test  on 
Compensated-series  Motor. 
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the  field  circuit  will  measure  the  core  loss  in  the  stator  and  armature 
(due  to  the  alternating  flux)  +  the  PR  loss  in  the  field  winding.  Simi- 
larly, the  input  to  the  driving  motor,  when  corrected  for  the  PR  loss 
in  its  armature,  will,  in  the  absence  of  circulating  currents,  represent  the 
core  loss  (due  to  the  rotation  of  the  armature)  +  the  friction  and  constant 
losses  in  the  set.  The  latter  are,  of  course,  given  by  the  corrected 
readings  corresponding  to  zero  excitation  on  the  machine  under  test. 

When  the  readings  have  been  corrected  in  this  manner  and  the 
results  plotted  with  exciting  current  as  abscissa),  we  shall  obtain  one 
curve  for  the  component  of  the  core  loss  which  is  due  to  the  alternating 
flux,  and  a  set  of  curves — similar  to  those  in  Fig.  100 — ^for  the  component 
of  the  core  loss  which  is  due  to  the  rotation  of  the  armature.  The 
characteristic  core*loss  curve  can  be  obtained  from  these  curves  in  the 
manner  already  shown. 

Fig.  105  represents  the  results  of  a  core-loss  test  on  a  compensated- 
series  motor. 

In  order  to  determine  the  losses  (due  to  circulating  currents)  in  the 
annature  coils  which  are  short-circuited  by  the  brushes,  the  above  tests 
are  repeated  with  all  the  brushes  in  position.  The  wattmeter  reading 
in  this  case  will  include  the  losses  in  the  short-circuited  coils  (which  are 
due  to  transformer  action),  and  also  any  additional  iron  losses  due  to 
the  reaction  of  the  circulating  currents.  Hence,  these  losses  will  be 
represented  by  the  difEerence  in  the  wattmeter  readings  corresponding 
to  the  same  exciting  currents  in  the  two  tests  (t.e.  with  brushes  and 
without  brushes).  Similarly,  any  losses  in  the  armature  due  to  circu- 
lating currents  (produced  by  the  coUs,  short-circuited  by  the  brushes, 
cutting  leakage  fluxes  in  the  neutral  zone,  or  by  magnetic  or  electric 
dissymmetry)  will  be  included  in  the  input  to  the  driving  motor. 


PART   III 

Servicb  Tests 

Service  tests  can  be  grouped  into  two  classes,  viz.  (1)  these  which  are 
conducted  under  actual  service  conditions,  involving  runs  of  various 
lengths  (corresponding  to  the  distances  between  the  stations)  at  a  given 
mean  schedule  speed  ;  and  (2)  those  which  are  conducted  under  equiva- 
lent, or  average,  service  conditions,  on  level  track,  for  the  purpose  of 
obtaining  data  on  the  motors. 

The  tests  in  class  (1)  are  of  the  order  of  "official"  tests,  and  are 
usually  run  to  ascertain  if  a  given  equipment  fulfils  the  manufacturers' 
guarantees ;  while  those  in  class  (2)  are  of  the  nature  of  experimental 
tests,  the  object  of  which  is  the  determination  of  data  from  which  the 
"service-capacity"  curves  of  the  motors  can  be  obtained.  These 
curves  show  the  mean  schedule  speeds  at  which  a  motor  is  capable 
of  operating  various  services  with  a  given  temperature  rise  ;  the  nature 
of  the  service  being  expressed  by  (a)  the  number  of  stops  per  mile, 
(6)  the  train  weight  per  motor. 

It  is  apparent,  therefore,  that  these  service-capacity  curves  are  of 
considerable  value  to  manufacturers,  and  we  shall  now  consider  the 
manner  in  which  the  tests  are  conducted  for  their  determination. 
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Now,  since  the  service  capacity  of  a  motor  is  limited  by  the  heating 
resulting  from  the  PR  and  core  losses,  which  occur  during  the  periods 
in  which  power  is  supplied  to  the  motor,  it  is  obvious  that  the  magnitude 
and  distribution  of  these  losses  will  vary  with  the  class  of  the  service. 
Thus,  in  suburban  service,  the  greater  portion  of  the  PR  losses  will 
occur  during  acceleration  and  speed-curve  running ;  while  the  core  loss 
will  have  its  greatest  value  at  the  end  of  the  accelerating  period,  and 
will  probably  exceed  the  armature  PR  loss  during  the  free-running  period. 
On  account  of  the  large  thermal  capacity  of  the  motor,  the  temperature 
of  the  various  parts  wiU  not  follow  appreciably  the  fluctuations  in  the 
losses,  and  a  steady  temperature  will  be  attained  when  the  average 
rate  of  generation  of  heat  is  balanced  by  the  rate  at  which  the  heat  can 
be  dissipated  in  radiation,  convection,  &c. 

Therefore,  in  order  to  determine  the  service  capacity  of  a  motor, 
we  must  operate  the  motor  under  uniform  service  conditions  (corre- 
sponding to  a  particular  service)  until  the  temperature  of  the  machine 
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Fig.  105a.  Fio.  1056. 

Refiults  of  Core-loBS  Teats  on  Compensated-series  Motor.    Notis. — The  core-loss  curve 
in  Fig.  106o  refers  to  the  stator,  while  that  in  Fig.  1065  refers  to  the  armature. 

has  attained  a  constant  value.  Having  decided  the  class  of  service 
(i.e.  the  schedule  speed,  stops  per  mile,  and  train  weight  per  motor) 
an  appropriate  speed-time  curve  can  be  drawn,  from  which,  in  com- 
bination with  the  characteristic  curves  of  the  motor,  the  accelerating 
current ;  the  time  during  which  power  is  "  on  "  ;  the  coasting  time, 
braking  time,  and  duration  of  stop  can  be  obtained. 

A  car  equipped  with  motors  and  loaded  to  the  required  weight  per 
motor  is  then  operated  on  level  track  to  this  speed-time  curve,  the  runs 
being  continued  until  the  temperature  of  the  motors  becomes  steady. 
Additional  tests  are  made  for  other  service  conditions,  the  motors  being 
at  the  atmospheric  temperature  at  the  start  of  each  test.  The  line 
voltage  in  all  tests  is  maintained,  as  far  as  practicable,  at  the  normal 
value.  Provided  that  the  service  conditions,  under  which  the  tests  are 
run,  have  been  selected  to  give  the  same  limiting  temperature  rise  in  each 
case,  the  service  capacity  can  be  obtained  directly  from  the  tests. 

The  determination  of  each  service-capacity  curve  in  this  manner 
would  consume  too  much  time,  as  each  test  requires  about  10  to  12  hours 
or  more.  Moreover,  since  any  number  of  service-capacity  curves  can 
be  calculated  from  the  service  thermal  characteristics  of  the  motor,  it  is 
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only  necessary  to  perform  sufficient  tests  to  determine  the  latter  curves. 
Thus,  perhaps  four  or  five  tests  under  different  operating  conditions 
may  be  suf^cient  to  enable  these  characteristics  (and  therefore  the 
complete  service  capacity  of  the  motor)  to  be  determined. 

The  method  by  which  the  service  thermal  characteristics  of  the 

motors  are   determined 

•  •^'      '      '      '      '      ' ■ ' ■ ■ ■— '-^     from  the  above  running 

tests  is  as  follows:  Re- 
cords are  obtained  of 
the  current  and  voltage, 
by  means  of  suitable 
graphic-recording  instru- 
ments, while  the  tem- 
peratures of  the  field  and 
frame  are  observed  at 
frequent  intervals  and 
the  final  temperatures 
of  all  parts  are  ascer- 
tained at  the  completion 
of  the  test. 

The  resistance  of  the 
field  and  armature  wind- 
ings are  taken,  if  pos- 
sible, during  the  lay-over 
periods.  We  are  then 
able  to  calculate  the  PR 

losses  in  the  armature  and  field  windings,*  and,  from  the  core-loss  curves 

of  the  motor,  we  can  obtain  the  core  loss  corresponding  to  the  various 

values    of    current    and 

voltage.    In  this  manner 

the    total    loss    in    the 

armature  and  field  of  the 

motor  is  determined  for 

a  series  of  runs,  and  from 

the   average    losses   and 

the     final     temperature 

measurements   the  tem- 

fierature  rise  per  watt 
OSS    for   armature   and 
field  can  be  computed. 


Ratio  of  distribution. 


Fig.  106. — ^Thermal  Characteristic  of  Railway 
Motor,  ahowing  the  variation  of  the  specific 
teraperature  rise  with  the  ratio  of  distribution 
of  losses,  i.e.  armature  losses/field  loss. 
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Fio.  107. — Service  Thermal  Characteristic  of 

Railway  Motor. 


The  specific  temper- 
ature rise  is  usually  ex- 
pressed in  terms  of  the 

ratio  of  distribution  of  the  losses,  t'.e.  the  ratio  of  the  armature  loss  to  the 
field  loss,  as  shown  in  Fig.  106.    From  these  curves  we  can  obtain  a 

•  In  some  cases  the  PR  loss  in  the  field  coils  has  been  determined  directly,  by 
moans  of  an  integrating  wattmeter  connected  in  the  field  circuit.  The  average  loss 
is  then  obtained  by  dividing  the  watt-hours  registered  during  the  test  by  the  duration 
of  the  test  (in  hours).  If  the  average  resistance  of  the  field  coils  is  also  deter- 
mined, the  square  of  the  average  current  during  the  test  can  be  readily  obt€uned, 
which,  when  multiplied  by  the  average  armature  resistance,  will  give  the  average 
armature  PR  loss. 
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curve  (Fig.  107)  showing  the  total  loss  in  the  armature  and  field  which 
will  produce  a  definite  maximum  temperature  rise.* 

It  will  be  observed  that  the  maximum  loss  occurs  with  a  certain 
ratio  of  the  losses,  and  that  at  higher  ratios  the  armature  is  limiting, 
while  at  lower  ratios  the  field  is  limiting.  The  cause  of  this  will  be 
apparent  after  a  little  consideration,  for  the  maximum  loss  must  evidently 
occur  when  the  temperature  rises  of  the  armature  and  field  are  equal 
to  the  maximum  value.  If  the  ratio  of  the  losses  is  increased,  the  actual 
armature  loss  cannot  be  increased,  as  otherwise  the  temperature  rise 
would  exceed  the  permissible  value,  and  hence  the  total  losses  must 
be  lower. 

In  cases  where  tests  of  the  above  nature  cannot  be  conducted,  and 
it  is  required  to  test  a 

pair    of    motors    under  i^=:=4:D^mplng  M,^^ 

runnmg  conditions  (cor-  — ■        "  ^^^^  '^  ^      ^ 
responding  to  the  aver- 
age cycle  in  service),  the' 

fly-wheel  brake  test  can 

be  adopted,  t  For  this 
test  two  motors  are  geared 
to  a  shaft,  on  which  are 
mounted  one  or  more  fly- 
wheels (representing  the 
inertia  of  the  car  or  train 
per  pair  of  motors)  and 
a  brake  (adjusted  to  re- 
present the  train  resist- 
ance). Additional  brakes, 
operated  by  compressed 
air,  are  fitted  to  the  shaft 
for  the  purpose  of  stop- 
ping the  set.  The  cycle 
of  operations  correspond- 
ing to  service  conditions, 
viz.  starting,  coasting, 
braking, &c.,  is  performed 

automatically  by  a  rotating  master  controller  ox)erating  the  contactor 
and  air-brake  circuits.  The  temperatures  obtained  from  this  test  will 
differ  somewhat  from  those  obtained  in  actua]  service,  on  account  of 
the  conditions  of  ventilation  not  being  equal  in  the  two  cases. 

On  "  official "  service  tests  it  is  necessary  to  determine  the  energy 
consumption,  temperature  rise  of  the  motors,  and  schedule  speed.  With 
continuous-current  equipments  it  is  the  practice  to  record  the  line 
voltage  and  the  current  input  to  one  motor.  With  alternating  current 
equipments,  however,  the  input  must  be  determined  on  the  high-tension 
side  of  the  main  transformer  by  means  of  a  wattmeter,  while  the  current 
and  line  voltage  must  also  be  recorded  in  order  to  obtain  the  power-factor. 

Graphic  recording  instruments  for  train  testing  must  be  designed 

•  In  this  connection,  see  a  paper  by  Mr.  F.  W.  Carter  on  **  Technical  Considera- 
tions in  Electric  Railway  Engineering  "  {Journal  of  the  Institution  of  ElectriccU 
Engineers,  vol.  36,  p.  231). 

t  A  fidl  description  of  this  method  of  testing,  and  the  apparatus  used,  is  given 
in  The  Electric  Journal,  vol.  3,  p.  702. 


Fio.  108. — Diagram  illustrating  principle  of 
Wimperis  Accelorometer. 
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to  withstand  the  large  amount  of  vibration  incidental  to  train  operation, 
and  are  usually  distinguished  from  the  cnnimerciai  forms  of  recordin(t 
instruments  by  the  high  torque  and  large  damping  of  the  moving  element. 
These  features  are  obtained  in  one  type  of  continuous-current  instru- 
ment by  the  use  of  a  separately  excited  electro- magnet — instead  of  a 
permanent  miwnet — in  conjunction  with  a  relatively  powerful  moving- 
coil  element  which  ie  damped  by  an  eddy-current  disc  brake. 

Time  markers,  operated  by  electro-magneta,  are  arranged  to  mark  time 
intervals  on  the  same  paper  as  the  current  or  voltage  ts  recorded,  and 
are  actuated  at  five-second  and  one-minute  intervals  from  a  special  clock. 
The  speed  may  be  obtained  either  indirectly,  by  actuating  one  of 
the  markers  from  a  contact  fixed  to  the  car  axle,  or  directly,  by  means 
of   a  special   magneto 
generator — driven  from 
the  axle — ^in  conjunc- 
tion with  ft  recording 
voltmeter. 

With  the  introduc- 
tion of  a  reliable  in- 
strument for  the 
direct  measurement 
of  acceleration  and 
retardation,  it  is  now 
the  practice  to  deter- 
mine these  quantities 
directly,  instead  of  re- 
lying on  the  speed 
record.  The  instrument 
used  for  this  purpose  is 
usually  the  Wimperis 
accelerometer,  which 
is  made  in  both  the 
indicating  and  record- 
ing types. 

In  each  type  of  instrument  the  moving  element  consists  of  an  alu- 
minium sector  A  (Fig.  108)  fixed  to  a  spindle  B,  which  is  mounted 
vertically  in  jewelled  bearings.  Since  the  centre  of  gravity  of  the 
sector  is  not  coincident  with  the  axis  of  rotation,  any  force  resulting  from 
acceleration  will  cause  a  rotation  of  the  spindle  and  a  deflection  of  the 
pointer  P,  provided  that  the  direction  of  the  force  is  not  in  the  plane 
containing  the  centre  of  gravity  and  the  axis.  The  rotation  of  the 
spindle  B  is  restrained  by  a  hair-spring  C,  fixed  to  another  spindle  D, 
which  is  geared  to  the  former  spindle  by  1  :  1  gearing.  The  spindle  D 
also  carries  a  compensating  balance -weight  E,  which  is  adjusted  to  have 
a  moment  of  inertia  equal  to  that  of  the  sector  and  pointer,  the  centre 
of  gravity  of  the  sector  and  compensating  balance -weight  being  contained 
in  a  plane  passing  through  D  and  B.  In  this  manner  the  sector  and 
compensating  balance -weight  will  have  equal  and  opposite  moments  about 
the  spindle  S  in  a  direction  at  right  angles  to  the  motion.  The  instrument 
is  therefore  only  affected  by  accelerating  forces  which  have  a  component 
along  the  direction  of  motion,  and  it  is  eminently  suited  for  train  testiog. 
A  view  of  the  indicating  tyjje  of  instrument  is  given  in  Fig.  109. 
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CHAPTER   VIII 

THE  CONTROL  OF  CONTmUOUS-OURRENT  TRAMWAY  MOTORS 

In  Chapter  III  we  have  shown  that,  during  the  initial  period  of  accelera- 
tion of  a  train  or  tramcar,  the  tractive-effort  exerted  by  the  motors  is 
considerably  greater  than  that  exerted  during  the  remaining  period  of 
the  run.  For  approximate  purposes  the  tractive-effort  during  the  period 
of  initial  acceleration  may  be  taken  as  that  corresponding  to  the  rated 
load  of  the  motors.  Therefore  each  motor  will  require  practically  full- 
load  current  throughout  the  starting  period. 

Tramcars  are  always  equipped  with  two  motors,  and  the  motor- 
coaches  of  electric  trains  are  equipped  with  either  two  or  four  motors 
(see  Chapter  XVI).  Hence,  if  the  motors  were  permanently  connected 
in  parallel  and  controlled  by  a  starting  rheostat,  a  large  amount  of  energy 
would  be  wasted  in  the  latter,  and  for  the  conditions  under  which  tram- 
ways and  urban  railways  operate,  this  energy  would  form  a  large  per- 
centage of  the  total  energy  input.  It  is  necessary,  therefore,  to  ascertain 
if  a  more  economical  method  of  control  could  be  adopted. 

Now  the  torque  developed  by  a  continuous-current  motor  depends 
only  on  the.  product  of  the  armature  current  and  the  magnetic  flux. 
In  the  case  of  a  series  motor,  supplied  with  constant  current,  the  torque 
will  be  constant,  and  the  speed  will  be  proportional  to  the  counter- 
E.M.F.,  or  approximately  proportional  to  the  voltage  at  the  terminals 
of  the  motor. 

Hence,  if  we  have  two  similar  series  motors  to  be  started,  we  may 
arrange  them  in  series  for  the  first  half  of  the  starting  period,  and  in 
parallel  for  the  second  half  of  this  period.  If  the  current  per  motor  is 
maintained  at  a  constant  value  throughout  the  sftarting  period,  the 
energy  output  will  be  exactly  the  same  as  that  which  would  hstve  been 
obtamed,  under  similar  conditions,  with  the  motors  permanently  con- 
nected in  parallel.  The  energy  input,  however,  will  be  considerably 
lower. 

With  the  motors  in  series  and  all  the  starting  rheostat  cut  out,  the 
speed  of  each  motor  will  be  slightly  less  than  one-half  of  that  corre- 
sponding to  the  same  current  per  motor  at  full  voltage  (i.e.  with  the 
motors  in  parallel). 

This  method  of  control — called  the  series-parallel  system — ^is,  there- 
fore, suitable  for  tramways  and  railways,  since  not  only  are  two  econo- 
mical speeds  available,  but  the  overall  efficiency  during  starting  is  much 
higher  than  that  of  the  plain  rheostatic  method.  Thus^  if  we  assume 
the  current  in  each  motor  to  be  maintained  at  a  constant  value  through- 
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out  the  starting  period,  the  total- torque  developed  by  the  motors  will 
be  constant,  and  will  not  be  affected  by  the  series  or  parallel  connection 
of  the  motors.  When  the  motors  are  in  series,  their  counter-E.M.Fs. 
are  also  in  series  ;  so  that,  for  a  given  consumption  of  energy,  the  work 
done  during  this  (series)  portion  of  the  starting  period  will  be  twice  that 
obtained  from  one  motor  started  by  the  rheostatic  method. 

Hence  the  economy  of  the  series-parallel  system  of  control  results 
from  the  aeries  connection  of  the  motors,  since,  in  the  parallel  connection, 
the  conditions  correspond  to  the  rheostatic  method  of  starting. 

This  point  is  further  elucidated  by  the  diagrams  of  Figs.  110,  111. 
The  diagrams  of  Fig.  110  show  the  variation  of  the  currents  and  volt- 
ages during  the  starting  period,  when  two  similar  series  motors  are 
started  by  the  rheostatic  (parallel)  and  series-parallel  methods  respec- 
tively, while  the  diagrams  of  Fig.  Ill  show  the  distribution  of  the 


Fig.  not. 


energy  in  the  two  cases.  The  diagrams  have  been  drawn  for  ideal 
starting  conditions — t.e.  for  a  constant  current  per  motor  and  constant 
line  voltage — and,  in  Fig.  Ill,  only  the  PR  losses  in  the  motors  have 
been  considered. 

Referring  to  Fig.  UOa,  the  line  (or  supply)  voltage  is  represented 
by  ABGy  the  line  current  (which  in  this  ca^se  is  twice  the  motor  current, 
since  the  motors  are  in  parallel)  hy  XY,  and  the  voltage  drop  in  the  motors 
by  OJ  (or  CD).  Hence  JC  represents  the  variation  of  the  voltage  at 
the  terminals  of  the  motors,  and  OD  represents  the  variation  of  the 
counter-E.M.F.  during  the  starting  period.  The  energy  input  from 
the  supply  system  will  be  given  by — (line  current  x  line  voltage  x  time), 
and  is  represented,  in  Fig.  Ilia,  by  the  area  OACD  ;  while  the  energj' 
utilised  in  the  two  motors  will  be  given  by — 2  (current  per  motor  x  aver- 
age value  of  counter-E.M.F.  x  time),  and  is  represented,  in  Fig.  Ilia, 
by  the  area  OFD. 

Referring  to  Fig.  1106,  the  current  per  motor  is  represented  by 
XFZ,  and  the  line  current  by  XYWV,oi  which  XY  refers  to  the  line 
current  when  the  motors  are  in  series,  and  W  V  refers  to  the  line  current 
when  the  motors  are  in  parallel.  Since  the  current  per  motor  is  assumed 
to  be  constant  throughout  the  starting  period,  the  counter-E.M.F.  per 
motor  must  increase  uniformly  with  time.    The  counter-E.M.F.  at  the 
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end  of  the  starting  period  (t.e.  when  the  motors  are  in  parallel)  is  repre- 
sented by  DK,  80  that  OD  must  represent  the  variation  of  the  countet- 
E.M.F.  per  motor  during  the  starting  period.  When  the  motors  are  in 
series  with  all  the  starting  rheostat  cut  out,  the  total  counter- E.M.F. 
plus  the  total  voltage  drop  in  the  motors  must  equal  the  line  voltage. 

These  conditions  enable  us  to  determine  the  times  Of  the  tVO  por- 
tiotUl  of  the  starting  period.  It  should  be  noted  that  the  duration 
of  the  first  {or  series)  portion  is  slightly  leas  than  that  of  the  second  (or 
parallel)  portion.* 

The  energy  input  to  the  two  motors  during  the  starting  period  will 
be  given  by— (average  line  current  x  line  voltage  x  time),  and  ie  repre- 
sented, in  Fig.  1116,  by  the  area  OABB'GD ;  while  the  energy  utilised 
in  the  motors  will  be  given  by — 2  (current  per  motor  x  average  value 


of  counter- E.M.F.  X  time),  and  is  represented,  in  Fig.  1116,  by  the 
area  OFD,  which  is  equal  to  the  area  OFD  in  ¥ig.  ilia. 

If  the  internal  resistances  of  the  motors  be  neglected,  then  the 
variation  of  the  counter-E.M.F.  per  motor  during  the  starting  period 
will  be  given  by  OC  (Fig.  110).  With  this  simplification,  it  is  apparent 
(from  Fig.  1 11)  that,  with  series-parallel  control,  the  total  loss  in  the  rheo- 
stats is  only  one-half  of  that  with  plain  rheoslatic  control.  Moreover, 
with  plain  rheostatic  control,  the  toss  in  the  rheostats  is  equal  to  the 
energy  utilised  in  the  motors.  Thus  it  follows  that  the  average  efficiency 
during  the  starting  period  is  50  per  cent,  with  rheostatic  control  and  66-6 
per  cent,  with  series-parallel  control. 

We  can  extend  the  series-parallel  system  to  four  motors,  and  obtain 
still  greater  economy  in  starting  by  dividing  the  starting  period  into 
three  portions,  in  which  the  motors  are  respectively  connected  (1)  in 

*  If  T  denotes  the  total  timo  of  the  starting  pvriud,  t„  ty,  the  times  of  the  series 
and  parallel  portions,   V,  the  line  voltage  and  v  the  vo1t«go  drop  per  motor,  then 
from  similar  triangles  OHM,  ODK  (Fig.  1106)  we  have 
t,      MM     \V-v  , 
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series,  (2)  in  series-parallel,  and  (3)  in  parallel.    We  will  call  this  method 
the   doable  series-parallel  system.     This  system  is  only  adopted  in 
practice  to  a  limitea  extent  on  account  of  the  increased  complication 
of  the  control  apparatus,  and,  even  when  four  motors  are  available, 
they  are  usually  controlled  on  the  series-parallel  system.    The  alloca- 
tion of  the  energy  in  the  double  seriea-parallel  system  of  control  is  indi- 
cated in  Fib.  112,  which,  on  examination, 
will  show  that  the  energy  consumption  is 
only  S'33  per  cent.  less  than  that  of  the 
series -paraUel  system  applied  to  the  same 
equipment. 

The  various  combinations  of  the  motors 

3  and  rheostats  are  made  in  the  correct  order 

4  by  a  controller.  On  tramways  the  con- 
3!  troller  is  of  the  drum  type.    This  type  of 

controller  consbts  of  a  drum  or  cylinder 
A  carrying  a  number  of  insulated  (and  inter- 

connected) segments,  which  can  moke  con- 
c  tact  with  a  number  of  fixed  contacts  (or 

fingers)  to  which  the  motors  and  rheostats 
*  are  connected.     The  drum  can  be  rotat«d 

Fiu.  112.  through  certain  angles,  and  in  each  position 

(except  the  "  off  "  position)  connections  are 
made  between  certain  fingers,  thereby  effecting  certain  combinations 
between  the  motors  and  rheostats. 

In  addition  to  starting  and  regulatii^  the  speed  of  the  motors,  a 
tramcar  controller  has  to  be  arranged  so  thatr-- 

(1)  The  car  can  be  operated  in  either  direction  of  motion ; 

(2)  The  motors  can  be  used  for  electric  braking ;  and 

(3)  The  car  can  be  operated  if  one  motor  becomes  disabled. 

The  construction  of  such  a  controller  is  therefore  complicated,  but, 
by  considering  how  each  requirement  is  fulfilled, 
we  hope  to  show  that  the  complication  is  only  the  « 

result  of  the  aggregation  of  several  devices  in  one 
casing. 

Let  us  first  consider  a  controller  for  the  con- 
trol of  a  series  motor  operating  in  one  direc- 
tion of  rotation.  Fig.  llSshows  tne  development 
of  the  segments  of  a  controller  for  this  purpose.       ■g—  » 

The  fingers  are  represented  by  the  vertical  row  of         ^  _^^     J 
lai^  dots,  and  the  segments  are  shown  to  the   ▼AV-KZ^"-^ 
right.      The   operating  positions  {or  "notches") 
of  the  segments  are  indicated   by  the  vertical  Pio.  113. 

dotted  lines,  numbered   1  to  5,  which  coincide 

with  the  centre-line  of  the  fingers  in  the  operating  positions  of  the 
controller  cylinder.  Thus  on  the  first  notch  (No.  !)  the  top  and  second 
fingers  are  connected  together,  thereby  connecting  all  the  starting  rheo- 
stat in  the  motor  circuit.  Sections  of  the  starting  rheostat  are  cut  out 
on  the  successive  notches,  until,  on  the  last  notch  (No.  5),  the  motor  is 
connected  directly  to  the  line.  Notch  No,  5  is  therefore  called  a  running 
position,  while  the  other  notches  (1  to  4)  are  called  rheostatic  positions. 

If  the  motor  is  required  to  be  operated  m  each  direction  of  rotation, 
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then  we  must  use  either  an  external  reversing  switch  with  this  controller, 
or  a  reTSrsing  controller  {i.e.  one  with  a  separate  set  of  segments  for  each 
direction  of  rotation  of  the  motor).  A  controller  of  this  type  is  illus- 
trated in  Pig.  114,  the  development,  connections,  and  comhinations  being 
shown  in  Fig.  115,  in  which  the  method  adopted  for  reversing  the  motor 
should  be  noted. 

Now  consider  the  control  of  two  motors  on  the  aeriea-parallel 
system.  We  have  now  to  arrange  that  the  motors  shali  be  started  up 
in  series  and  changed  into  parallel  without  subjecting  cither  motor  to 
excessive  voltage.  Obviously,  the 
simplest  manner  of  accomplishing 
this  ia  to  open  the  entire  circuit 
after  the  last  series  notch,  change 
the  connections  to  parallel,  and 
re-connect  the  motors  to  the  supply 
with  the  correct  resistance  in  cir- 
cuit. The  development  of  a 
controller  cylinder  to  fulfil 
these  requirements  is  indicated  in 
Fig.  II6a,  the  combinations  of 
motors,  &c.,  being  shown  in  Fig. 
llGb. 

Thedisadvantagesof  this  method 
are  (!)  that  the  propelling  power 
is  removed  from  the  car  during 
the  transition  period,  and  (2)  that 
the  total  current  must  be  broken 
in  the  controller.  A  reference  to 
Fig.  116a  will  show  that  there  are 
only  four  breaks  in  series.  Hence, 
with  a  line  voltage  of  500  volts, 
the  voltage  at  each  break  will  be 
125  volts,  which,  with  the  full  load 
current  of  the  motors,  will  require 
a  powerful  magnetic  blow-out  to 
prevent  burning  of  the  fingers  and 
segments.  This  method  of  transi- 
tion has  been  used  to  some  extent 
OD  tramways  and  railways,  but  it  is  now  superseded  by  the  methods 
described  below. 

There  are  two  methods  of  transition  from  series  to  parallel  whereby 
the  main  circuit  is  not  opened,  these  methods  being  known  as  (I)  the 
short-circuited- motor  method,  and  (2)  the  "bridge"  method.  The 
former,  method  is  standard  with  all  modem  tramcar  controllers,  while 
the  latter  method  is  used  in  controllere  for  electric  railways. 

In  making  the  transition  by  the  first  method,  it  is  necessary  to  insert 
some  resistance  into  the  circuit  before  short-circuiting  the  motor,  in 
order  to  avoid  an  excesaive  rise  of  voltage  on  the  other  motor.  The  short- 
circuit  is  opened  at  another  point,  so  that  the  power  circuit  is  not  inter- 
rupted, and  the  second  motor  is  then  connected  in  parallel  with  the  first. 
The  development,  connections,  and  combination  diagrams  for  a,  con- 
troller in  which  thiiu  method  of  transition  is  used  are  shown  in  Fig.  117. 
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The  bridge  method  of  Iransition  ie  generally  adopted  on  railways 
with  multiple -unit  (remote)  control  systems,  aa  described  in  Chapter  IX. 
The  method  has  also  been  applied  to  smaJIer  equipments  with  direct 
control,  and,  for  the  purpoee  of  comparing  these  controllers  with  those 
for  the  above  methods  of  tradition,  we  give  in  Fig.  118  the  develop- 
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ConnectionB,  Development,  and  Combinatiocu  for  Revoraiug  Rheoetatic  CoiitrDll<?r. 

ment,  connections,  and  combination  diagrams  for  a  controller  with  bridge 
transition. 

It  will  be  observed  that  the  rheostats  are  divided  into  two  groups, 
one  group  for  each  motor.  The  resistance  sections  of  each  group  are 
cut  out  simultaneously  in  the  usual  ms-nner  until  the  last  series  point  is 
reached.  The  first  transition  point  inserts  the  "bridge"  connection 
and  opens  the  short-circuits  between  the  resistance  sections,  as  indicated 
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CoDneotione.  Development,  and  Combinations  for  Series-parallel  Controller 
(opeB-circuit  transition). 

in  greater  detail  by  the  diagrams  A  and  B  of  Fig.  119.  The  rheostats 
are  now  connected  directly  to  the  supply  (see  Fig.  119,  Diagram  C).  and  If 
the  current  passing  through  the  rheostats  is  equal  to  the  current  taken 
by  the  motors,  then  the  connection  X  may  be  opened  without  subjecting 
the  motors  to  any  increase  of  voltage.    But,  by  the  opening  of  this 
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connection,  each  motor,  with  its  corresponding  rheostat,  is  connected 
across  the  supply,  and  the  motors  are  therefore  in  parallel.  Thus  the 
transition  has  been  effected  without  opening  the  circuit  or  short-circuit- 
ing a  motor.  Moreover,  t?ie  ftUl  accelerating  current  has  been  maintained 
on  each  motor  during  the  transition  period.  The  bridge  method  of  tran- 
sition is  therefore  advantageous  for  services  which  require  a  high  sus- 
tained acceleration. 

Reversing  Gylinder. — Since  a  tramcar  has  occasionally  to  be  driven 
in  both  directions  from  one  controller,  the  device  for  reversing  the  motors 
may  be  operated  separately  from  the  main  cylinder  of  the  controller. 
The  device  usually  takes  the  form  of  a  small  cylinder  with  segments 
which  make  contact  with  a  set  of  fixed  fingers,  to  which  the  armature 
and  fields  leads  are  connected.  The  reversing  cylinder  is  interlocked 
with  the  main  cylinder,  so  that  it  cannot  be  operated  until  the  latter 
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(short-circuited-motor  transition). 

is  in  the  "  off  "  position.    To  reverse  a  motor  by  this  method  we  require 
four  fingers  with  two  sets  of  contacts,  interconnected  as  in  Fig.  120,-4. 
With  two  motors,  eight  fingers  would  be  required,  which  may  be 
arranged  either  in  one  line,  as  in  Fig.  120,  B,  or  on  each  side  of  the  re- 
versing cylinder,  as  in  Fig.  120,  C. 


Braking. — In  this  country  the  larger  tramway  systems  use 
magnetic  track  brakes  for  service  stops,  and,  even  when  track  brakes 
are  not  fitted  to  the  cars,  it  is  standard  practice  to  arrange  the  con- 
troller for  electric  braking.  In  both  cases  the  motors  are  operated  as 
series  generators  (being  driven  by  the  momentum  of  the  car),  and  the 
current  generated  is  di^ipated  in  the  rheostats  and  brakes. 

The  motors  are  alvxiys  connected  in  parallel  for  electric  braking,  since 
the  series  coimection  would  produce  too  high  a  voltage,  and  would 
require  an  excessive  resistance  for  regulating  the  braking  effect. 

The  brake  is  applied  by  moving  the  controller  handle,  beyond  the 
off  position,  in  the  opposite  direction  to  that  when  power  is  being  sup- 
plied to  the  motors. 

In  order  that  the  motors  may  *'  build  up  "  as  generators,  it  is  neces- 
sary to  reverse  the  connections  between  the  armatures  and  field  wind- 
ings.   In  some  of  the  older  types  of  controllers  this  was  accomplished 
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by  mechanically  operating  the  reversing  cylinder  when  the  main  cylinder 
wa«  moved  to  the  braking  notches,  but  this  method  has  been  abandoned 
in  favour  of  that  in  which  a  separate  set  of  jGlngers  and  segments  on  the 
main  cylinder  is  used,  as  indicated  in  Fig.  121. 

In  connecting  the  motiors  in  parallel  for  electric  braking,  we  must 
either  use  an  equalising  connection  between  the  brushes,  as  shown  in 
Fig.  122a,  or  cross-connect  the  motors,  as  shown  in  Fig.  1226. 

The  equalising  connection  is  necessary  in  order  that  each  machine 
may  take  its  proper  share  of  the  load,  since,  if  it  were  omitted,  the 
machine  which  excited  first  would  demagnetise  the  other  and  reverse 
its  E.M.F.  The  machines  would  then  be  in  series  and  short-circuited. 
A  large  current  would  circulate  through  the  machines  and  thereby  pro- 
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(bridge  transition). 

duce  a  very  powerful  braking  effect,  over  which  the  motorman  would 
have  no  control. 

In  controllers  in  which  this  method  is  used  for  braking,  it  is  essential 
that  the  position  of  the  reversing  cylinder  corresponds  to  the  motion 
of  the  car,  otherwise  the  motors  will  not  excite.  Hence,  if  a  car  runs 
backwards  down-hill,  the  reversing  cylinder  must  be  thrown  to  the 
"  reverse  "  position  before  the  electric  brake  can  become  operative.* 

With  the  motors  cross-connected,  as  in  Fig.  1226,  electric  braking 
can  be  obtained  in  either  direction  of  motion  of  the  car  without  operating 
the  reversing  cylinder.  Under  normal  conditions  the  machines  operate 
as  generators  in  parallel,  and  the  direction  of  the  current  in  various 
parts  of  the  circuit  is  represented,  in  Fig.  1226,  by  the  arrows.  If  the 
direction  of  rotation  of  both  machines  is  reversed  and  the  connections 
are  unaltered,  the  machines  will  ''  build-up  "  as  generators  in  series, 

*  It  should  be  remarked  that  an  electric  brake  depending  on  the  rotation  of  the 
motor  armatures  cannot  ""  hold  "  a  car  on  a  hill,  but  it  will  prevent  the  car  from 
"  running  away."    For  holding  a  car  on  a  hill,  mechanical  brakes  are  necessary. 
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Fio.  120. — A^  B,  C,  Connections  and  Development  of  Reversing  Cylinders, 
(NOTB. — Leads  X,  y,  Z  are  connected  to  fingers  of  main  cylinder — 
see  Figs.  116a,  117a.)  A  E^  End-elevation  of  Reversing  Cylinders, 
showing  relative  positions  of  segments  and  fingers. 
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Fio.  121. — Connections,  Development,  and  Combinations  of 
Brake  Cylinder  of  Series-parallel  Controller. 
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and  will  be  sbort-circuited  on  each  other,  thereby  producing  a  powerful 
braking  effect.  The  condition  upon  which  this  result  depends  is  that 
the  residual  magnetism  of  the  machines  must  be  unequal,  and   this 
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Flo.  122(1.  Fia.  1226.  Fio.  122c, 

Methods  of  Connecting  Mntnrs  for  Electric  Qraking. 

condition  is  usually  fulfilled  in  practice.  Thus,  coneider  machine  No.  1 
(Fig.  122c)  to  have  the  larger  residual  m^netism.  A  current  will 
then  circulate  between  the  machines  in  the  direction  shown  in  Fig.  122c. 


Fio.  123. — Conncctio 


which  will  demonetise  machine  No.  2  and  excite  machine  No.  I.  The 
field  of  No.  2  will  then  be  reversed,  and  it  will  now  excite  and  add  its 
voltage  to  No.  1,  thereby  causing  a  short-circuit. 
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In  Fig.  123  we  have  a  diagram  of  the  connections  and  development 
of  a  series-parallel  controller  with  electric  braking.  This  diagram  is 
the  result  of  combining  Figs.  117,  120,  121,  and  represents  the  simplest 
case  of  a  series-parallel  controller  arranged  for  electric  braking. 

The  diagrams  of  actual  controllers  will,  of  course,  be  much  more 
complicated,  due  to  (1)  the  provision  of  a  larger  number  of  notches 
on  the  braking  side,  (2)  the  device  for  cutting-out  a  defective  motor, 
(3)  the  necessity  for  providing  a  magnetic  blow-out  on  the  jGlngers  and 
segments  where  current  is  broken. 

The  device  for  cutting-out  a  defective  motor  may  take  the  form  of 

(a)  additional  segments  on  the  reversing  cylinder,  (b)  special  fingers 
which  can  be  raised  from  the  segments,  (c)  double-throw  switches  on  the 
terminal  board  of  the  controller.  The  arrangement  of  these  devices  in 
actual  controllers  is  described  below. 

The  function  of  the  magnetic  blow-out  is  to  provide  a  magnetic  field 
of  such  strength  that  the  arc  formed  between  the  fingers  and  segments 
shall  be  suppressed  before  it  can  damage  the  contacts.  In  all  controllers 
the  magnetic  field  is  provided  by  an  electro-magnet  or  solenoid,  but  the 
arrangement  of  the  magnetic  circuit  differs  considerably  in  controllers 
of  di&rent  types. 

The  simplest  form  of  magnetic  blow-out  is  foxmd  in  controllers  of  the 
type  illustrated  in  Fig.  1 14.  In  these  controllers  a  flux,  perpendicular 
to  the  shaft,  is  produced  in  the  vicinity  of  the  fingers,  so  that  any  arcs 
forming  between  fingers  and  segments  will  be  blown  in  a  directidn 
parallel  to  the  shaft.  In  order  to  prevent  an  arc  striking  adjacent 
fingers,  the  latter  are  separated  by  barriers,  or  **  arc  deflectors,"  of  fire- 
proof material,  which  can  be  swung  clear  of  the  fingers  and  segments 
(see  Fig.  114).  The  arc  deflectors  are  fixed  to  a  hinged  iron  bar  which, 
normally,  forms  one  pole  of  an  electro-magnet,  the  other  pole  being 
formed  by  the  shaft.  The  exciting  coil,  through  which  the  main 
current  passes,  is  concentric  with  the  shaft,  and  is  located  at  its  lower  end. 

This  type  of  blow-out  (which  may  be  called  the  "  shaft "  type)  is 
only  suitable  for  controllers  handling  small  currents,  and  is  not  adopted 
on  tramcar  controllers.  It  is,  however,  adopted  on  some  types  of  master 
controllers  for  electric  railways.  The  types  of  blow-out  adopted  on" 
tramcar  controllers  Avill  be  considered  in  the  descriptions  of  tramcar 
controllers  given  below. 

Typical  Modbbn  Tramcar  Controllers 

B  49  Controller  of  the  British  Thomson-Houston  Oo.—This  con- 
troller is  provided  with  an  externally-operated  cut-out  device — ^by  means 
of  which  either  motor  may  be  cut-out  without  opening  the  controller — 
and  is  arranged  so  that  electric  braking  can  be  obtained,  with  the  car 
moving  either  forwards  or  backwards,  by  the  single  movement  of  the 
main  handle  to  the  braking  notches. 

Fig.  124  illustrates  an  interior  view  of  this  controller,  while  Fig.  125 
shows  the  top  of  the  cap-plate  with  the  operating  handles  in  position. 
In  this  view  the  cut-out  spindle  and  the  various  "  notches  "  can  be 
clearly  seen,  there  being  four  series  notches,  four  parallel  notches,  and 
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seven  brake  notches  on  the  main  cylinder,  as  well  as  the  "  forward  "  and 

"  reverse  "notcheaon  the  reversing  cyUnder,  and  the  "out-out"  notches. 

The  controller-back  is  of  oaet  iron, 

and  carries  the  bearings  for  the  shafts, 

seatings  for  finger-boards,  and  the  core 

of  the  blow-out  magnet. 

To  the  upper  portion  of  the  main 
shaft  is  fixed  a  cyUnder  B  (called  the 
"brake  cylinder")  carrying  a  set  of 
segments,  which,  with  the  correspond- 
ing seven  fingers,  provides  the  means 
for  reversing  the  connections  of  the 
motors  between  "power"  and  "brake." 
Below  the  brake  cylinder  we  have  the 
"mam  cylinder,"  constituted  of  a 
number  of  segments  which  are  arranged 
in  three  sections — C,,  Cj,  C.j — insulated 
from  one  another  and  from  the  shaft. 
These  segments,  with  the  correspond- 
ing set  of  fourteen  fingers,  are  arranged 
to  give  the  correct  combinations  of  the 
motors  and  rheostats  on  each  operating 
notch.  Each  section  of  segments  con- 
sists of  two  brass  castings,  which  are 
clamped  to  a  square  portion  of  the  shaft 
and  insulated  therefrom  with  moulded 
mica.  The  castings  are  provided  with 
suitable  projections  to  which  the  copper 
segments  are  fixed. 

The  main  fingers  are  attached  to 
brass  finger-bases,  screwed  to  a  finger- 
board of  treated  ash,  which  is  fixed  to 
the  controller-back.  Typical  fingers  and  finger-bases  are  shown  in  detail 
in  Fig.  126.     Pressure  between  the  fingers  and  segmeiits  is  obtained  by 


Fio.  126. — Cup-plaW  of  B  49  Controller  with 
hoDdlea  in  ooaition. 

Fio,  126.~B,T.-H.  Controller  Fingers. 
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Fio.  127. — Arc-deflector  Plates  of  B  40  ControUor. 


FiQ.  128. — Dimenwons  of  B  49  Controller. 
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means  of  a  Hat  spring,  and  is  adjusted  by  a  set-screv.  The  fingers  on 
the  brake  and  reversing  cylinders  are  of  lighter  construction  than  those 
on  the  main  cylinder,  since  each  finger  has  only  to  carry  the  current  of 
one  motor  and  no  current  has  to  be  broken. 

The  magnetic  blow-out  is  of  the  "pole-piece"  type.  Each  of  the 
main  fingers  is  enclosed  between  arc  deflector  plates  D,  of  fir^roof 
material,  which  are  fixed  to  the  hinged  cast-iron  pole-piece  P.    'R'ben 


Fio.  129. — Connt^ctiooa  and  Developm^nl  of  B  4(1  Controller  (B.T.-H.  Co.), 

closed,  the  upper  part  of  this  pole-piece  is  bolted  to  the  pole-core  Q, 
forming  part  of  the  controller- back.  The  pole-core  is  surrounded  by 
the  blow-out  coil  S.  which  is  energised  whenever  current  is  passing  in 
the  motor  circuit.  We  therefore  have  a  flux  produced  in  the  vicinity 
of  the  fingers,  the  direction  of  the  flux  being  perjiendicular  to  the  shaft, 
and  any  arc  between  fingers  and  segments  will  be  blown  either  upwards 
or  downwards  (depending  on  direction  of  the  current  and  the  flux)  on 
to  the  deflector  plates. 

The  deflector  plates  are  Illustrated  in  detail  in  Fig.  127. 

The  reveraing  cylinder  iJ,,  R^  possesses  especial  interest,  since  it 
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fulfils  the  double  function  of  reversing  the  direction  of  motion  of  the  car 
and  of  cutting  out  a  defective  motor.  It  is  constructed  in  two  sections — 
one  for  each  motor — ^with  the  segments  arranged  as  shown  in  the  de- 
velopment diagram  (Fig.  129).  Each  section  is  not  permanently  fixed 
to  the  reversing  spindle,  but  either  or  both  sections  may  be  locked  to 
the  spindle  as  desired,  the  locking  being  accomplished  by  a  mechanical 
device  operated  by  the  cut-out  spindle.  The  latter  is  operated  by  ap- 
plying the  reversing  handle  to  it,  but  the  reversing  handle  can  onJy  be 
removed  from  the  spindle  of  the  reversing  cylinder  when  the  latter  is 
in  the  "  off  "  position. 

The  cut-out  spindle  has  three  positions,  viz.  a  central  position,  in 
which  both  motors  are  in  circuit,  and  a  position  on  each  side  of  the 
central  position,  in  which  only  one  motor  is  in  circuit.  When  in  the 
central  position — ^as  shown  in  Fig.  126— both  sections  of  the  reversing 
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Fio.  129a. — Combinations  for  B  49  Controller. 


cylinder  are  locked  to  the  reversing  spindle  and  move  with  it.  The 
movement  of  the  cut-out  spindle  to  cut  out  a  motor,  automatically  un- 
locks the  corresponding  section  of  the  reversing  cylinder  from  its  spindle, 
and  locks  it  in  the  "  off  '*  position,  so  that  this  section  cannot  be  operated 
by  the  reversing  spindle.  When  either  motor  is  cut  out,  a  stop  is  auto- 
matically brought  into  action,  which  prevents  the  main  cylinder  from 
being  moved  beyond  the  series  running  notch. 

The  reversing  and  cut-out  spindles  are  mechanically  interlocked,  so 
that  the  latter  can  only  be  operated  when  the  former  is  in  the  **  off  " 
position.  The  reversing  spindle  is  also  interlocked  with  the  main  shaft, 
so  that  it  cannot  be  moved  unless  the  latter  is  in  the  "  off  "  position, 
and  the  "off*'  position  of  the  reversing  spindle  also  locks  the  main 
shaft  in  the  "  off  "  position. 

The  main  shaft  is  provided  with  a  star-wheel  and  pawl  to  give  definite 
notches  for  the  various  rheostatic,  running,  and  braking  points  indicated 
on  the  cap-plate.    The  projecting  ends  of  the  spindles  are  provided 
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Fill.  130.— B.T.-H.  (Type  B  IB)  ControUer. 


FiQ.  131.— British  Westinghouse  (Type  T)  Controilore. 
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with  water-cape,  and  the  cover  is  designed  to  make  a  rain-proof  fitting 
oa  to  the  back  of  the  controller. 

The  principal  dimensions  of  the  controller  are  given  in  Fig.  128. 

The  deTelopment  diagram  and  connections  of  this  controller  are 
shown  in  Fig.  129,  while  the  combinations  are  shown  in  Fig.  129a.     From 
the  latter  figure  it  will  be  observed  that  the  transi- 
tion from  series  to  parallel  is    effected  by  short- 
circuiting   one   motor,  and   that   the   motors  are 
croee-connected  for  braking. 

Several  features  of  the  above  controller  are 
common  to  all  tramcar  controllers.  Thus  the 
interlocking  of  the  cylinders,  the  method  of  insu- 
lating the  cylinders  from  the  shafts,  the  arrange- 
ment of  the  fingers  on  finger-boards,  the  arrangement 
of  the  cap-plates,  back  and  cover,  differ  only  in 
detail  among  controllers  of  different  manufacturers. 
In  the  descriptions  of  other  types  of  controllers 
given  below  we  shall,  therefore,  only  refer  to  their 
special  features. 

Fig.  130  illustrates  an  earlier  controller  (B  18   ^^^     j^g  _  westinK- 
type)  of  the  B.T.-H.  Co.,  in  which  special  switches     house  Standard  Con- 
are  used  for  cutting-out  a  defective  motor.    These     troller  Finger. 
switches  arc  located  on  the  terminal  board  and  are 

shown  in  the  normal  position.  To  cut-out  a  motor,  one  switch  is  moved 
to  the  left-hand  contacts,  which  operation  makes  suitable  connections 
tor  cutting-out  the  motor  and,  at  the  same  time,  operates  a  cam  which 
provides  the  series  stop  on  the  main  cylinder.  This  controller  is  pro- 
vided with  four  series,  three  parallel,  and  six  brake  notches.    One  motor  is 


fio,  133. — Cross-section  of  Britiflh  Weatiiighouse  (Type  T)  Controller. 

short-circuited  in  transition,  and  the  motors  are  connected  as  in  Fig.  122a 
for  brakii^.  The  development  of  the  reversing  cylinder  is  given  in 
Fig.  I20c,  while  Fig.  121  shows  the  development  of  the  brake  cylinder. 

Type  T 1  and  T  2  Controllers  of  the  British  Westinghonse  Co.— 

The  special  features  in  these  controllere  are  (1)  the  arrangement  of  the 
reversing  cylinder  on  the  same  axis  as  the  power  cylinder,  and  (2)  the 
magnetic  blow-out.  The  controllers  have  four  series  notches,  four 
parallel  notches,  and  seven  brake  notches. 

Interior  views  of  the  Tl  and  T2  controllers  are  shown  in  Fig.  131. 
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The  reversing  cylinder  is  located  in  the  upper  portion  of  the  con- 
troller, below  the  cap-plate,  and  ie  concentric  with  the  main  shaft.  It  is 
operated  by  the  reverailig  handle  on  the  right  of  the  main  handle. 

The  main  segments  occupy  the  centriH  position  of  the  main  shaft, 
and  the  brake  cylinder  is  fixed  at  the  lower  end. 


Fill.  134. — Cunnectiuna  and  l>evelopinont  uf  WeBtJnghouae  T  2  Controller, 

*  Lift  tbeee  fingers  to  cut  out  motor. No.  2. 

t  Lift  theee  lingers  to  cut  out  motor  No.  I. 

J  Operating  positions  for  left-hand  row  of  BngerB. 

§  Operating  positions  for  right-hand  row  of  lingcra. 

The  fingers  (see  Fig.  132)  are  provided  with  renewable  tips,  and  are 
all  fixed  to  two  finger-boards,  arranged  one  on  either  side  of  the  main 
cylinder. 

The  magnetic  blow-out  is  of  the  "  multipolar"  type.  Two  blow-out 
coils  esteiiu  the  whole  letigth  of  the  main  contacts,  and  are  fixed  at  the 
extreme  bides  of  the  controller  back,  as  shown  in  the  viewa  of  Fig.  131 
and  the  cross-sectional  drawing  of  Fig.  133.     The  coils  aie  connected 


THE  CONTROL  OF  TRAMWAY  MOTORS         158 

80  that  the  projecting  pole  faces  are  of  opposite  polarity.  The  flux  is 
directed  to  the  main  contacts  by  meatiB  of  multiple  pole-pieces,  which 
also  form  the  deflector  plates.  Each  pole-piece  (or  deflector  plate) 
consists  of  an  iron  plate,  of  suitable  shape,  embedded  in  fireproof  com- 


pound, the  iron  extending  over  about  three-quarters  of  the  distance 
between  the  pole-fa<:es  of  the  blow-out  coils.  The  plates  are  bolted 
together  with  suitable  distance  pieces,  and  are  arranged  so  that  the 
iron  portions  are  alternately  in  contact  with  the  left  and  right  pole  faces. 
A  uenBB  of  overlapping  pole-pieces,  alternating  in  polarity,  is  therefore 
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Fio.  135.— Diok-KeiT  (Type  K)  Tramcar  Controller. 


13(l.^]-ucation  at  Operating  Spindle  tor  Cut-out  ifcvioti  ra 
Dick-Kerr  (Type  K)  ContcoUor. 
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obtained  in  the  vicinity  of  the  main  contacts ;  and  since  the  direction 
of  the  magnetic  field  is  parallel  to  the  shaft,  the  arcs  between  the  fingers 
and  segments  will  be  blown  outwards  (i.e.  away  from  the  cylinder), 
and  will  not  impinge  on  the  deflector  plates.  The  deflector  plates  are 
slotted,  so  that  any  plate  can  be  replaced  without  dismantling  the  others, 
and  the  frame  carrying  the  deflector  plates  is  arranged  on  hinges,  as 
shown  in  Fig.  131. 

A  defective  motor  is  cut  out  by  raising  two  fingers— one  from  the 
main  cylinder  and  one  from  the  reversing  cylinder  (qpe  Fig.  134) — these 
fingers  being  fitted  with  catches  for  holding  them  out  of  contact  with 
the  cylinders.  When  a  motor  is  cut-out,  power  can  only  be  applied  to 
the  other  motor  in  the  parallel  positions  of  the  main  cylinder. 


Meta/J/c  Shield 


Arc  Deflector 
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Fig.  137. — Dick-Kerr  Metallic-shield  Blow-out. 

A  diagram  of  the  connections  and  development  of  the  T  2  controller 
is  given  in  Fig.  134,  and  the  principal  combinations  are  shown  in 
Fig.  134a.  This  controller  is  arranged  for  use  on  systems  having  an 
insulated  return  (e.g,  conduit  systems),  and  is  extensively  adopted  on 
the  London  County  Council  tramways. 

Type  E  Controller  of  Messrs.  Dick,  Kerr  &  Co.— This  controller 
possesses  several  features  in  common  with  the  controllers  already  de- 
scribed, such  as  a  mica-insulated  square  shaft  carrying  the  main  seg- 
ments and  brake  cylinder,  externally  operated  cut-out  switches,  fingers 
and  segments  with  renewable  tips,  and  the  same  number  of  notches 
(i.e.  four  series,  four  parallel,  and  seven  brake). 

The  controller  differs  from  the  above  types  in  two  important  features, 
viz.  (1)  the  novel  form  of  magnetic  blow-out,  and  (2)  the  mechanical 
device  which  prevents  the  main  handle  being  moved  forward  more  than 
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one  notch  at  a  time.  This  device  is  only  operative  on  the  power  notches 
when  the  handle  is  being  moved /row  the  ''  off  "  position.  The  movement 
of  the  handle  from  any  power  position  to  the  '*  off  "  position  is  unrestricted^ 
while  the  motion  to  or  from  the  brake  notches  is  also  unrestricted. 

Interior  views  of  this  controller  are  shown  in  Fig.  135,  and  Pig.  136 
is  a  view  showing  the  position  of  the  cut-out  switch  on  the  back  of  the 
controller. 

The  cut-out  switch  is  operated  by  the  reversing  handle,  and  consists 
of  a  mechanical  device  for  raising  or  lowering  the  reversing  cylinder 
(in  the  "  off  "  position  of  the  latter)  so  that  the  relative  positions  of  the 
fingers  and  segments  are  changed.  By  arranging  the  fingers  and  seg- 
ments of  this  cylinder  in  a  certain  order,  the  cutting-out  of  either  motor 
can  be  accomplished  by  raising  or  lowering  the  cylinder,  from  the  central 
position,  through  a  distance  corresponding  to  the  pitch  of  the  fingers. 


fCt^R 


1 

ui  r 


5 

-J  6 
lU  - 
U  7 


8 


10 


Rh»ofttJtt»    I 


Motors 


"^HSHftHcHS-CD-VW — (ZHVWV* 


EHbI-CHVW^ — OVW^ 


O-W^— OA/\AA> 


EHch®— OA/W OVW^ 


(BH£>^8-K>AA/\M»M>WA» 


■KHW^M>V\/V^ 


S^5^i^^O^ 


-M>A/^  KW^ 


Fio.  138a.  Fio.  1386. 

Connections,  Development,  and  Combinations  of  Serie«-parallel  Controller 

arranged  for  field  control  in  parallel  notches. 

Thus,  when  the  reversing  cylinder  is  in  the  central  (or  normal)  position, 
both  motors  are  in  circuit ;  when  the  cylinder  is  raised,  one  motor 
(No.  1)  is  cut  out ;  while,  when  the  cylinder  is  lowered,  the  other  motor 
(No.  2)  is  cut  out. 

The  magnetic  blow-out  is  of  the  solenoid  '*  metallic -shield"  type, 
and  is  illustrated  in  detail  in  Fig.  137.  Essentially  the  blow-out  conuists 
of  an  iron  core  on  which  is  wound  a  solenoid,  the  direction  of  the  winding 
being  arranged  to  give  a  number  of  consequent  poles  along  the  core. 
The  poles  are  arranged  with  reference  to  the  positions  of  the  main  con- 
tacts (and  also  to  the  direction  of  the  current),  so  that  the  contacts  at 
which  large  currents  have  to  be  broken  are  situated  in  a  strong  magnetic 
field.    The  outside  of  the  solenoid  is  sheathed  with  thin  copper,  and  is 


arc  is  drawn  outwards  until  it  strikes  the  shield,  this  stage  being  repre- 
sented at  B  (Fig.  137).    It  will  be  observed  that  the  path  of  the  current 
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18  now  from  the  finger  to  the  shield  and  from  the  shield  to  the  sesment, 
consequently  the  arcs  will  be  blown  farther  apart  as  represented  at  C, 
and  will  finally  unite  again,  as  represented  at  D,  if  the  voltage  is  high 
enough.  In  practice  the  arcs  ate  ruptured  before  reaching  this  stage. 
The  olow-out  action  occotb  very  rapidly,  and  the  metal  of  the  shield 
is  unaffected  by  the  action  of  the  arc. 

The  solenoid  is  short-circuited  on  the  series  and  parallel  running 
notches,  and  is  connected  to  the  controller  wiring  by  switch  contacts, 
BO  that  the  blow-out  shield  may  be  readily  swung  clear  of  the  main 
contacts  or  removed  from  the  controller. 

CoNTEOLLBBa  FOR  TaP-FIBLD   CoNTEOL 

Although  field  control  equipments  are  not  yet  adopted  extensively, 
it  will  be  of  interest  to  discuss  the  requiiements  in  controllers  for  these 
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for  field  control  in  series  and  parallel  notches. 

equipments.  In  this  method  of  control,  as  applied  to  electric  traction, 
the  motors  are  operated  with  weakened  fields  in  the  running  positions 
of  the  controller,  and  in  consequence  a  greater  number  of  running  speeds 
are  obtained. 

Thus,  if  the  field  windings  of  the  motors  arc  provided  with  one 
tapping— arranged  to  give,  say,  f  of  the  "  full "  field — then  four  running 
speeds  are  available,  viz.  two  speeds  with  the  motors  in  series,  and  two 
speeds  wdth  the  motors  in  parallel,  the  two  speeds  in  the  series  or  parallel 
combinations  of  the  motors  corresponding  to  "'full  field"  and  "tap 
field."     Again,  if  two  tappings  are  provided,  six  speeds  can  be  obtained. 

A  slight  modification  of  this  method  of  control  was  adopted  in  the 
early  days  (about  1898)  of  electric  traction,  but  was  abandoned  on  account 
of  the  unsatisfactory  performance  of  the  motors  with  weakened  fields.* 

*  The  method  consisted  of  connecting  a  rheostat  in  parallel  with  the  Geld 
winding  on  the  series  and  parallel  runntni;  notehee.  The  controllers  developed  by 
the  General  Electric  Co.  (of  Schenectady)  for  this  method  of  control  were  designated 
Type  K2. 
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The  introduction  of  commutating  poles,  however,  has  enabled  these 
difficulties  to  be  overcome,  and  modem  commutating-pole  motors  may 
be  operated  satisfactorily  on  a  50  per  cent,  field  tapping. 

Field-control  equipments  possess  several  advantages  over  ordinary 
equipments,  especially  where  the  cars  have  to  operate  in  congested  city 
traffic  and  on  outlying  routes.  The  low  speeds  incidental  to  city  traffic 
may  be  obtained  economically  by  operating  the  motors  with  full  field, 
and  the  higher  speeds  required  for  the  outlymg  districts  can  be  obtained 
by  operating  the  motors  with  weakened  fields.  These  features,  and  their 
effect  on  the  energy  consumption,  are  discussed  in  greatei  detail  in 
Chapter  XIX.  For  the  present  we  have  to  consider  how  the  additional 
speeds  affect  the  design  of  the  controller. 

The  simplest  case  occurs  when  the  weakened  fields  are  only  used 
with  the  motors  operating  in  parallel.  In  this  case  the  series,  transition, 
and  rheostatic-parallel  points  of  the  controller  are  the  same  as  those  for 
a  standard  series-parallel  controller.  The  transition  from  full  field  to 
tap  field  is  effected  by  short-circuiting  a  portion  of  the  field  winding 
and  then  cutting  this  portion  out  of  circuit ;  but  if  the  change  is  effected 
in  one  operation,  the  motor  may  be  subjected  to  a  large  rush  of  current. 
The  magnitude  of  this  rush  of  current  will  depend  on  the  portion  of  the 
motor  speed-curve  at  which  the  change  from  full  field  to  tap  field  is 
made,  as  well  as  on  the  relative  field  turns  in  circuit.  For  instance, 
with  the  motor  to  which  the  characteristic  curves  of  Fig.  31  (p.  48) 
refer,  if  the  transition  from  full  field  to  norma}  field  (i.e.  f  full  field)  be 
effected  in  one  operation  when  the  speed  is  17  ml.p.h.,  the  current 
will  increase  suddenly  from  130  amperes  to  188  amperes.  Although 
this  rush  of  current  may  not  be  objectionable  for  this  particular  motor, 
it  is  apparent  that  if  the  change  were  made  from  f ull.field  to  the  minimum 
field  {i.e.  50  per  cent,  of  full  field)  in  one  step,  the  rush  of  current  would 
be  excessive.  If,  however,  the  change  were  made  at  a  higher  speed — 
say,  26  ml.p.h. — ^then  the  rush  of  current  would  not  be  objectionable  as 
far  as  the  operation  of  the  motor  was  concerned. 

The  magnitude  of  the  rush  of  current  may  be  reduced  by  intro- 
ducing an  intermediate  step  in  the  transition  from  full  field  to  tap  field. 
Thus,  instead  of  directly  short-circuiting  a  portion  of  the  field  winding, 
a  rheostat  is  connected  in  parallel  with  this  portion  of  the  winding,  and 
the  rheostat,  together  with  the  portion  of  the  winding,  is  finally  cut  out 
of  circuit.  The  connections,  combinations,  and  development  of  a  con- 
troller for  this  method  of  control  are  shown  in  Fig.  138.  It  will  be 
observed  that  the  transition  from  series  to  parallel  is  effected,  with  full 
field,  by  short-circuiting  one  motor. 

In  cases  where  the  tap  field  is  required  to  be  used  for  series  running, 
it  is  necessary  to  change  to  full  field  before  passing  into  the  parallel 
notches,  in  order  that  the  rheostatic  acceleration  on  these  notches  may 
take  place  efficiently.  The  connections,  combinations,  and  develop- 
ment of  a  controller  for  performing  these  functions  are  shown  in  Fig.  139. 
The  transition  from  series  to  parallel  is  effected,  with  full  field,  by  short- 
circuiting  one  motor,  and  six  running  speeds  are  provided. 

Controllers  for  field  control  are  now  manufactured  by  the  principal 
manufacturers  of  traction  equipment,  and  it  is  probable  that  in  future 
tramway  installations  these  controllers  will  be  adopted  in  conjunction 
vnXYi  "  tap-field  "  motors.  It  may  be  remarked  that  this  method  of  con- 
trol has  been  adopted  in  several  recent  railway  electrifications  abroad. 


CHAPTER  IX 

THE  CONTROL  OF  CONTINUOUS-CURRENT  RAILWAY  MOTORS 

Electric  trains  for  suburban  service  are  usually  made  up  of  a  number 
of  motor  and  trail  coaches,  and  the  composition  of  the  train  is  altered 
to  suit  the  traffic.  Thus  for  light  traffic  one  motor-coach  and  one 
traUer  may  be  sufficient,  while  for  heavy  traffic  two  or  more  motor- 
coaches  and  a  number  of  trailers  may  be  required.  Each  motor-coach 
may  be  equipped  with  two  or  four  motors,  but  all  of  the  motors  through- 
out the  train  must  be  controlled  simultaneously  from  one  point. 

Where  two  motor-coaches  are  used,  the  control  may  be  carried  out 
in  a  manner  similar  to  that  adopted  on  tramcars  by  arranging  the  motor- 
coaches  at  the  ends  of  the  train  and  equipping  each  with  a  controller 
capable  of  controlling  all  the  motors.  With  this  type  of  control  (known 
in  electric  railway  work  as  the  "  direct  control "  system)  the  whole  of 
the  power  must  pass  through  the  controller  at  the  driving  end  of  the 
train,  and  it  is  necessary  to  have  cables  from  end  to  end  to  interconnect 
the  controllers  on  each  motor-coach.  If  the  reversing  is  done  at  the 
controller,  the  number  of  train  cables  will  be  large,  even  if  only  two 
motors  are  used  on  each  motor-coach,  and  the  majority  of  these  cables 
must  be  of  heavy  cross-section.  If  a  remote  controlled  electrically 
operated  reversing  switch  is  used  for  ejach  motor,  then  the  heavy  train 
cables  may  be  reduced  to  a  minimum  of  four,  but  to  obtain  this  result 
it  is  necessary  to  duplicate  the  starting  rheostats  on  each  motor-coach, 
only  one  set — ^that  on  the  leading  coach — being  in  use  at  once. 

This  system  of  control  is  in  service  on  the  Liverpool-Southport 
section  of  the  Lancashire  and  Yorkshire  Railway,  the  trains  being  made 
up  of  one  or  two  motor-coaches  and  a  number  of  trailers.  Each  motor- 
coach  is  equipped  with  four  150-H.P.  600-volt  motors,*  a  series-parallel 
controller — ^which  is  capable  of  controUing  two  motor-coaches — and  the 
necessary  rheostats.  Of  the  four  motors  on  each  motor-coach,  two  are 
connected  permanently  in  parallel,  and  the  two  pairs  are  controlled  on 
the  series-parallel  system. 

The  controller  is  illustrated  in  Fig.  140.  The  two  main  cylinders 
are  geared  together  and  are  operated  by  one  handle.  Each  cylinder 
controb  the  four  motors  on  one  motor-coach,  so  that  the  controller 
is  capable  of  handling  a  train  equipment  of  1800  H.P.    The  cylinders  are 

♦  The  whole  of  the  train  equipments  are  of  Messrs.  Dick»  Kerr  &  Co.'s  manufac- 
ture. It  is  interesting  to  note  that  these  equipments  were  the  first  in  operation 
on  a  main-line  railway  in  this  country. 

166 


166  ELECTRIC  TRACTION 

each  provided  with  a  maenetic  blow-out  of  the  metal  lie -shield  type 
(see  Chapter  VIII,  p.  161). 

An  inspection  of  the  connection  and  development  diagram  in  Fig,  141 
will  show  that  there  are  five  series  notches  and  three  parallel  notches. 
These  controllers  are  probably  the  largest  of  their  class  in  operation, 
and,  considering  the  large  amount  of  power  handled,  the  overall  dimen- 
sions are  relatively  small,  the  ap- 
proximate dimensions  being:  width, 

2  ft.  3  in. ;  depth,  1  ft.  2  in. ;  height, 

3  ft.  10  in. 

The  reversing  of  the  motors  is 
accomplished  by  means  of  manually- 
'  operatedreversingswitches, of  which 
one  is  provided  for .  each  motor- 
coach  and  is  located  in  the  driv- 
ing compartment.  These  reversing 
switches  are  of  the  drum  type,  and 
have  only  "forward"  and  "reverse" 
positions.  Only  one  handle  is  pro- 
vided for  the  two  reversers  on  a 
train,  and  the  handle  can  only  be 
removed  when  the  reverser  on  the 
driving  coach  is  thrown  to  the 
"reverse"  position.  Thus,  when 
the  motorman  goes  to  the  other  end 
of  the  train  and  throws  the  reverser 
there  to  the  "forward"  position, 
the  motors  on  both  motor-coaches 
will  be  connected  in  the  correct 
manner. 

In  the  event  of  the  train  requir- 
ing to  be  reversed  (for,  say,  shunting 
purposes)  from  the  driving  coach, 
the  circuit- breaker  in  circuit  with 
the  motors  on  the  rear  coach  would 
be  tripped.  (Note. — The  circuit- 
breakers  for  both  coaches  are  located 
in  the  driving  compartments  and 
are  duplicated  in  the  same  manner 
as  the  controllers.) 

In  order  to  prevent  power  from 
being  applied  from  both  front  and 
rear  controllers  at  the  same  time, 
each  controller  is  fitted  with  a  small  auxiliary  cylinder  which  is  provided 
with  a  removable  handle  and  is  interlocked  with  the  main  cylinder,  so 
that  the  latter  cannot  be  operated  when  the  handle  on  the  auxiliary 
cylinder  is  removed.  The  auxiliary  cylinder  also  controls  the  "no- 
voltage  "  release  coils  of  the  circuit-breakers,  so  that  power  cannot  be 
obtained  on  the  main  cylinders  of  the  controller  until  the  auxiliary 
cylinder  has  been  thrown  "on."  Thus,  as  far  as  interlocking  is  con- 
cerned, the  auxiliary  cylinder  acts  in  the  same  manner  as  the  reversing 
cylinder  on  a  tramcar  controller, 

A  reference  to  Fig.  141  will  show  that  the  auxiliary  cylinder  ia  pro- 
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vided  with  three  sets  of  main  segments  and  fingers,  the  function  of  which 
is  to  connect  B  and  BB,  C  and  DD.  D  and  CC  when  this  cylinder  is  in 
the  "off"  position,  and  to  open  these  connections  when  this  cylinder 
is  moved  to  the  "  on  "  irosition.  Thus  the  two  groups  of  motors  on  the 
rear  motor-coach  are  interconnected  through  No.  2  controller,  and  can 
therefore  be  controlled  from  the  driving  (No.   1)  controller,  since^the 


Fio.  1406. — Dick-Kerr  (Type  UM  4)  Controller.     (Blow-out  shields  opened.) 

interconnections  at  this  controller  are  opened.  When  the  train  is  to 
be  driven  from  No,  2  controller,  the  auxiliary  cylinder  on  No.  1  controller 
is  moved  to  the  "  off  "  position  (which  interconnects  the  motors  on  that 
coach),  and  the  auxiliary  cylinder  on  No.  2  controller  is  moved  to  the 
"  on  "  position,  which  opens  up  the  motor  connections  and  enables  the 
control  to  be  performed  from  the  main  cylinders  of  No.  2  controller. 

The  principal  power  connections  for  a  single  motor-coach  are  shown 
in  FTg.  141,  in  which  are  also  shown  the  "  jum])er  "  cables  and  the  "  train 
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each  provided  with  a  mimetic  blow-out  of  the  metallic-shield  type 
(see  Chapter  VIII,  p.  161). 

An  inRpection  of  the  connection  and  development  diagram  in  Fig,  141 
will  ahow  that  there  are  five  series  notches  and  three  parallel  notches. 
These  controllers  are  probably  the  largest  of  their  class  in  operation, 
and,  considering  the  large  amount  of  power  handled,  the  overall  dimen- 
sions are  relatively  small,  the  ap- 
proximate dimensions  being:  width, 

2  ft.  3  in. ;  depth,  I  ft.  2  in. ;  height, 

3  ft.  10  in. 

The  reversing  of  the  motors  is 
accomplished  by  means  of  manuallj- 
•  operatedreversingswitches, of  which 
one  is  provided  for  each  motor- 
coach  and  is  located  in  the  driv- 
ing compartment.  These  reversing 
switches  are  of  the  drum  type,  and 
have  only  "  forward  "  and  "  reverse  " 
positions.  Only  one  handle  is  pro- 
vided for  the  two  reversers  on  a 
train,  and  the  handle  can  only  be 
removed  when  the  reverser  on  the 
driving  coach  is  thrown  to  the 
"reverse"  position.  Thus,  when 
the  motorman  goes  to  the  other  end 
of  the  train  and  throws  the  reverser 
there  to  the  "  forward  "  position, 
the  motors  on  both  motor-coaches 
will  be  connected  in  the  correct 
manner. 

In  the  event  of  the  train  requir- 
ing to  be  reversed  (for,  say,  shunting 
purposes)  from  the  driving  coach, 
the  circuit- breaker  in  circuit  with 
the  motors  on  the  rear  coach  would 
be  tripped.  (Note. — The  cireuit- 
breakers  for  both  coaches  are  located 
in  the  driving  compartments  and 
are  duplicated  in  the  same  manner 
as  the  controllers.) 
Fio.  UOo. — Dick-Kerr  (Type  DM  4)  In  order  to  prevent  power  from 

Controller.  being  applied  from  both  front  and 

rear  controllers  at  the  same  time, 
each  controller  is  fitted  with  a  small  auxiliary  cylinder  which  is  provided 
with  a  removable  handle  and  is  interlocked  with  the  main  cylinder,  so 
that  the  latter  cannot  be  operated  when  the  handle  on  the  auxiliary 
cylinder  is  removed.  The  auxiliary  cylinder  also  controls  the  "  no- 
voltage  "  release  coils  of  the  circuit-breakers,  so  that  power  cannot  be 
obtained  on  the  main  cylinders  of  the  controller  until  the  auxiliary 
cylinder  has  been  thrown  "on."  Thus,  as  far  as  int«rlocking  is  con- 
cerned, the  auxiliary  cylinder  acts  in  the  same  manner  as  the  reversing 
cylinder  on  a  tramcar  controller. 

A  reference  to  Fig.  141  will  show  that  the  auxiliary  cylinder  is  pro- 
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Tided  with  three  sets  of  main  segments  and  fingers,  the  function  of  which 
is  to  connect  B  and  BB,  O  and  DD,  D  and  CC  when  thia  cylinder  is  in 
the  "off"  position,  and  to  open  those  connections  when  this  cylinder 
is  moved  to  the  "  on  "  position.  Thus  the  two  groups  of  motors  on  the 
rear  motor-coa^h  are  interconnected  through  No.  2  controller,  and  can 
therefore  be  controlled  from  the  driving  (No.  1)  controller,  since' the 


Flo.  1406. — Dick-Kcrr  (Typo  DM  4)  ControUfir.     (Blow-out  shields  opened.) 

interconnections  at  this  controller  ore  opened.  When  the  train  is  to 
be  driven  from  No.  2  controller,  the  auxiliary  cylinder  on  No.  1  controller 
is  moved  to  the  "  off  "  position  (which  interconnecfi  the  motors  on  that 
coach),  and  the  auxiliary  cylinder  on  No.  2  controller  is  moved  to  the 
"  on  "  position,  which  owns  up  the  motor  connections  and  enables  the 
control  to  be  performed  from  the  main  cylinders  of  No.  2  controller. 

The  principal  power  connections  for  a  single  motor-coach  are  shown 
in  Fig.  141,  in  which  are  also  shown  the  "  jumiier  "  cables  and  the  "  train 
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line  "  cables,  by  means  of  which  the  front  and  rear  motor-coaches  are 
electrically  connected  together.  The  duplication  of  the  "T"  and 
"  BB  "  cables  is  required  on  account  of  the  possibility  of  the  trailer  coaches 
being  changed  round  when  uncoupled  from  the  motor-coaches. 


tJ. 


,13 


r? 


The  above  system  of  control,  while  giving  a  certain  degree  of  flexi- 
bility to  the  composition  of  the  tra'n,  limits  the  heaviest  train  to  that 
which  can  be  handled  by  two  motor-coaches.  In  order  to  obtaia  greater 
flexibility,  an  indirect  method  of  control— known  as  the  maltiple-miit 
system — has  been  developed.  In  this  system  each  group  of  two  or  four 
motors  is  provided  with  a  aeries -parallel  controller,  a  reverser,  starting 
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rheostats,  and  current-collecting  gear,  and  is  considered  as  one  unit 
of  the  train  equipment.  The  motor-controller  and  revereer  of  each  unit 
are  electrically  operated  and  remote  controlled  from  a  master  controller, 
which  supplies  current  to  the  control  cireuit  of  the  motor-contrtrfler. 
The  simultaneous  control  of  any  number  of  motor -controllers  is  obtained 
by  connecting  their  control  circuits  in  parallel.  The  motor  circuits  are 
quite  separate  from  the  control  circuit,  and  are  not  intereonneot«d,  except 
by  the  current -collecting  gear. 

Master  controllers  may  be  located  at  different  parts  of  the  train, 
and  all  master  controllers  are  connected  in  parallel,  so  that  the  whole 
train  equipment  may  be  operated  from  any  master  controller.     The 
current  for  operating  all 
the  control  circuits  passes 
through  the  master  con- 
troller   at    the     driving 
end  of  the  train,  and  is 
conducted  to  the  various 
motor-control  lem    by     a 
multiple-conductor  cable. 
With  this  system   of 
control    we    obtain    the 
maximum     flexibihty    in 
the    composition    of   the 
train,  since,  as  far  as  the 
control  is  concerned,  the 
maximum      number     of 
motor  -  coaches    is    only 
limited   by   the   current - 
carrying  capacity  of  the 
master     controller     and 
the  control -circuit  cable. 
Usually,     however,     the 
len^b  and  weight  of  the 
train  are  the  limiting  con- 
Fio.  143— n.T.-H.  (Type  T>n  a-(l(i)  Cimtaetor.       ditions.    A  further  advan- 
tage is  that  the  master 
controllers  occupy  very  little  cab  space,  and  the  motor-controllers  may 
be  located  underneath  the  coaches. 

The  multiple-unit  syst<'m  of  train  control  has  received  its  greatest 
development  in  the  United  States  of  America  from  the  General  Electric 
Co.  (Schenectady)  and  Westinghouae  Co.  In  that  country  the  system 
is  used  on  an  extensive  scale,  and,  in  fact,  has  entirely  superseded  large 
controllers. 

In  the  system  developed  by  the  General  Electric  Co.  (and  also 
by  the  British  Thomson- Houston  Co.)  the  electro -magnetic,  or  "all 
electric  "  principle  has  been  adopted  ;  while  in  the  Westinghnuse  Co.'s 
system  (usually  known  as  "  unit  switch  control ")  both  the  "  all  electric  " 
and  the  "'electro-pneumatic"  principles  are  used.  The  "all  electric" 
principle  is  also  used  in  the  systems  developed  by  Messrs.  Dick,  Kerr 
4,  Co.,  by  Messrs.  Siemens,  and  by  the  Oerlikon  Co.  We  will  now  consider 
some  of  these  systems  in  detail. 

The  Oeneral  Electric  and  British  Thomson-HonstoQ  Multiple- 
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unit  Syatem  (known  as  Tj^k  M  control}.*  The  ftpparatus  comprising 
one  unit  of  the  train  equipment  in  illustrated  in  Fig,  142,  The  motor- 
COntroller  consists  of  (1)  a  number  of  electrically-operated  switches  or 
"contactors,"  by  means  of  which  the  combinations  of  the  motors  and 
rheostats  are  effected ;  (2)  an  electrically- operated  reversing  switch  or 
"reverser";   and  (3)  the  necessary  rheostats. 

Each  contactor  consists  essentially  of  (a)  two  contacts  or  fingers, 
one  being  fixed  and  the  other  movable ;  (h)  a  magnetic  blow-out ;  and 
(c)  a  plimger-type  electromagnet.  An  illuBtration  of  a  modem  contactor 
is  shown  in  Fig,  143,    The  plunger  P  operates  two  arms  A,  B,  of  which 


Fio,  144.— B.T.-H.  Contactor  Box. 

the  arm  A  is  hinged  to  the  frame  and  plunger  at  C  and  D  respectively, 
while  the  arm  B,  which  carries  the  moving  contact,  is  hinged  to  the 
arm  A  at  E,  the  relative  positions  of  the  arms  being  maintained  by  the 
springs  8.  The  moving  contact  is,  therefore,  in  connection  with  the 
frame  of  the  contactor,  and,  to  avoid  the  passage  of  the  current  through 
the  pin  joint-s,  flexible  copper  shunts  F  connect  the  contact  directly  to 
the  frame.  This  contact  operates  in  an  are-chute  G  of  fireproof  material 
in  which  the  fixed  contact  is  located,  the  latter  being  arranged  vertically 
above  the  moving  contact.  The  fixed  contact  is  connected,  through  a 
blow-out  coil  (located  in  the  upper  portion  of  the  arc-chute),  to  the  ter- 

•  This  HyBtem  of  control  ia  in  service  on  practicnlly  all  the  London  Electric 
Railways  (with  the  exception  of  the  London  and  Sonth-WeHtem  and  the  London 
and  North- Western  Railways) ;  it  ia  also  in  aervieo  on  the  North-Eastem  Railway. 
Recently  the  British  Thomson- Houston  Co.  havo  supplied  equipments  for  the 
Victorian  Railways  (Auatrolia)  and  the  Central  Argentine  Railway. 
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minal  T,  the  other  terminal  of  the  contactor  being  fixed  to  the  frame. 
The  magnetic  circuit  of  the  btow-OUt  coil  is  formed  by  an  iron  core  and 
two  sheet-iron  pole  pieces,  one  of  which  is  shown  at  H.  The  pole-pieces 
are  designed  to  produce  a  strong  magnetic  field  in  the  vicinity  of  the  main 
contacts,  and  the  latter  are  fitt«d  with  curved  horns  to  provide  a 
definite  path  for  the  arc.  In  this  manner  the  arc  is  confined  to  the 
centre  oi  the  arc-chute,  and  heavy  currents  may  be  broken  successfully 
without  burning  the  main  contacts. 

An  important  feature  in  the  operation  of  the  contactor  is  the  rolling 
or  "wiping"  action  which  takes  place  at  the  contacts  when  the  con- 


Fio.  KB.— B.T.-H.  (Type  DB  2fl)  Bflvcrspr. 

tactor  closes.  This  action  is  brought  about  by  the  springs  S  as  follows : 
When  the  plunger  is  lifted,  the  arms  A,  B  move  together  as  a  single  arm 
about  the  fulcrum  C  until  the  contact  tips  touch.  The  vertical  motion 
of  the  outer  end  of  the  contact-arm  B  is  then  arrested,  and,  since  the 
plunger  has  not  completed  its  stroke,  further  vertical  motion  of  B  can 
only  take  place  at  the  hinge  E.  The  flexible  link  formed  by  the  springs 
S  allows  this  motion  to  occur  at  E,  and,  at  the  same  time,  the  moving 
contact  rolls  on  the  fixed  contact,  so  that  the  main  portions  of  the  con- 
tacts are  brought  together.  In  opening,  the  reverse  action  takes  place, 
so  that  arcing  can  only  occur  at  the  contact  tips.  The  springs  also 
provide  the  necessary  pressure  between  the  contacts  to  enable  them  to 
carry  the  current  without  overheating.    Moreover,  the  springs  force  the 
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contact  arm  to  move  rapidly  when  the  circuit  of  the  operating  coil  is 
interrupted. 

The  operating  coil  J  is  wound  in  two  sections.  The  number  of 
turns  on  the  coil  are  sufficient  to  ensure  satisfactory  operation  of  the 
contactor  at  one-half  of  the  normal  operating  voltage.  The  noraial 
operating  current  is  about  1  ampere. 

In  order  to  prevent  incorrect  operation  of  the  contactors  the  operat- 


Maater  CoutruUerB  for  B.T.-H.  Multiple-unit  Control  SyBU.'Di.  (Fig.  U«, 
Type  C  28  ConlroMur  tor  Ntia-automatic  Control  j  Fig.  147,  Tyj>o  C  35 
Controller  for  Automatic  Control.) 

iog  coila  are  electrically  interlocked  by  means  of  auxiliary  contacts 
controlled  by  the  plunger.  The  auxiliary  contacts  are  fixed  to  the 
back  of  the  contactor  frame,  and  the  circuit  between  these  contacts 
is  opened  or  closed  by  means  of  a  short -cireuiting  bridge,  the  motion 
of  which  is  dependent  on  the  motion  of  the  plunger.  For  ezample,  the 
lower  end  of  the  rod  K  (Fig.  1431 — to  which  the  short-circuiting  bridge 
is  fixed— carries  an  insulating  block  L.  A  pin  in  this  block  is  connected 
to  one  end  of  a  bell-crank  lever  M,  which  is  pivoted  to  the  frame  at  N, 
and  the  other  end  of  this  lever  is  connected  to  the  plunger  by  the  pin  D. 
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The  auxiliary  contacts  and  sliort-circuiting  bridges  can  be  seen  in 
■  the  view  of  the  reveraer  (Kg.  145),  It  should  be  remarked  that  eome 
of  the  auxiliary  contacts  are  provided  with  small  blow-out  coils,  0  (see 
also  connection  diagram,  Fig.  151). 

A  number  of  contactors,  from  12  to  16,  depending  on  the  method  of 
control,  are  assembled  in  a  box  with  a  removable  cover,  the  box  being 
generally  located  under  the  car.  Views  of  a  typical  contactor  box  are 
shown  in  Fig,  144.  All  the  small  wiring  between  the  contactors  is 
brought  to  a  terminal  board  from  which  connections  are  made  to  the 
conductors  of  the  multiple -conductor  control  cable. 

The  reverser  (Fig.  145)  is  also  electrically  operated.  The  armature 
and  field  circuits  of  each  pair  of  motors  are  connected  to  two  groups 
of  fingers — of  which  one  group  is  visible  in  Fig.  145 — and  these  fingers 
may  be  interconnected  by  two  sots  of  segments  in  a  manner  similar  to 
that  adopted  for  the  reversing  cylinder  of  a  tramcar  controller.    The 


Fia.  148. — Control-circuit  Couplur  Plug  and  Socket  (B.T.-H.  Co.). 

segments  are  mounted  on  an  insulating  cylinder  which  can  be  moved 
to  the  two  positions  (viz.  "  forward  "  and  "  reverse  ")  by  two  plunger- 
type  blectro-magnets,  one  magnet  being  provided  for  each  position  of 
the  cylinder.  The  solenoids  are  energised  from  the  master  controller, 
and  the  plungers  also  operate  auxiliary  contacts,  by  means  of  which 
the  reverser  is  electrically  interlocked  with  the  control  circuit  of  the 
contactors,  so  that  the  latter  cannot  be  operated  unless  the  reverser  is 
in  the  correct  position. 

Two  types  of  master  controllers  have  been  developed.  In  one  type 
(Fig.  146)  -the  operation  of  the  contactors  is  under  the  control  of  the 
driver,  and  the  controller  has  to  be  "  notchedup  "  in  the  same  manner 
as  a  tramcar  controller.  In  the  other  tyi*  (Fig.  147)  the  operation  of 
the  contactors  is  automatic,  and  the  controller  handle  has  only  certain 
operating  positions.  Of  the  two  types,  the  former  (or  non -automatic) 
type  has  been  largely  adopted  in  this  country,  but  in  recent  electrifica- 
tions the  automatic  type  has  been  adopted,  since,  with  this  tjfpe  of 
controller,  the  accelerating  current  of  the  motors  can  bo  maintained 
constant  at  a  prcdctcruiijicd  average  value. 

We  will  first  discuss  the  non -automatic  controller  (Fig.  14«).  This 
controller  has  separate  handles  for  operating  the  main  and  reverse 
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cylinders,  the  handle  for  the  former  being  non-removable  and  provided 
with  an  automatic  feature,  which  gives  it  the  name  of  the  "  dead-tnan's 
handle."  The  main  cylinder  A  is  operated  through  gearing  from  the 
shaft  3  carrying  the  main  handle,  so  that  a  180-degree  movement  of  the 
latter  corresponds  to  nearly  a  full  revolution  of  t.he  main  cylinder.  By 
this  arrangement  it  is  possible  to  mount  the  controller  directly  against 
the  vestibule  of  the  coa:Ch.  The  fingers  B,  corresponding  to  the  main 
cylinder,  are  connected  to  the  operating  coils  of  the  contactors  in  the 
manner  shown  in  Figs.  149,  ISO.    These  fingers  are  provided  with  a 


FiQ.  UO.-^implifiod  Connectiuns  fur  Typ«  M  Mulliple-unit  Control  using  Open- 
drouit  Tranaition.  Note, — Tho  control -circuit  cable  and  coupler  BocketB 
arc  omitted.     The  interlocks  open  when  the  contactors  olose. 

magnetic  blow-out  of  the  "  shaft  "  type,  tlie  blow-out  coil  being  shown 
at  C.  The  are  deflectors  D  are  mounted  on  a  hinged  pole-piece  E, 
which  fits  against  a  projection  F,  forming  part  of  the  controller  base. 

A  pair  of  contacts  J — located  in  a  chamber  of  fireproof  insulation 
and  provided  with  a  blow-out  coil  H — are  attached  to  the  controller- 
back  just  above  the  main  cylinder.  These  contacts  are  connected  in 
series  with  the  control  circuit,  and  can  be  bridged  by  two  fingers  G, 
which  are  carried  on  a  block  of  inaulating  materiul  fixed  to  a  lever  K. 
This  lever  is  operated  by  a  Npring  /,,  which  can  be  connc-cted  to  the 
shaft  S  by  depres8in|  the  button  M  on  the  main  handle  when  the  latter 
is  in  the  "  off  "  position.    The  movement  of  the  handle  (with  tho  button 
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depressed)  then  causes  the  fingers  0  to  close,  thereby  completing  the 
control  circuit  to  the  main  cylinder.  If  the  button  is  released  on  any 
notch,  except  the  ''  ojS  "  position,  the  spring  L  will  cause  these  fingers  to 
open,  thereby  automatically  interrupting  the  control  circuit.  It  is  cus- 
tomary to  arrange  for  an  emergency  valve — connected  to  the  train-pipe  of 
the  air-brake — ^to  open  at  the  same  time  as  the  control  circuit  is  opened, 
thereby  producing  an  application  of  the  brakes  in  addition  to  cutting-off 

fower  from  the  train.    It  is  necessary,  therefore,  for  the  motorman  to 
eep  the  button  depressed  the  whole  time  that  power  is  supplied  to 
the  motors. 

The  reversing  cylinder  N  is  really  a  two-way  switch,  by  means  of 
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Fio.  150a. — ^Motor-circuit  Connections  and  Order  of  Closing  of  Contactors 

for  Fig.  150. 

which  either  the  one  or  the  other  of  the  solenoids  on  the  reversers  may 
be  operated. 

The  master  controller  for  antomatic  control  (Fig.  147)  is  con- 
siderably simpler  than  the  non-automatic  controller  described  above. 
The  controller  is  provided  with  only  one  handle  which  is  non-removable, 
and  is  operated  in  one  direction  for  *'  forward  "  and  the  other  direction 
for  "reverse."  The  cylinder  moves  against  the  pressure  of  a  spring, 
and  is  thrown  immediately  to  the  "  off  "  position  if  the  handle  is  re- 
leased. Four  notches  (viz.  two  series  and  two  parallel)  are  provided 
in  the  "forward"  position,  and  two  (series)  notches  in  the  "reverse" 
position.  The  two  notches  are  required  for  series  and  parallel  so  that 
the  automatic  operation  of  the  contactors  may  be  arrested  at  any  point 
in  the  starting  period  without  returning  the  handle  to  the  *'  off  "  posi- 
tion.   (The  manner  in  which  this  is  accomplished  is  considered  below.) 

M 


178 


ELECTRIC  TRACTION 


Table  showing  Paths  of  Control  Circuits  for  Fig.  161. 


Master 

Controller 

Notch. 

Step. 

"  Actuating  "  Circuit. 

*•  Retaining  "  Circuit. 

"  Rever- 

ser" 
Circuit. 

1 

1 

II      LR~~Ui     li4     7*3     76— 8c 
6i.,     3*1     100—10*1     75—9*1 
2^     75—11*1     75—5*1     ^'• 

VIII— 

\c — 4c — 
100— (?. 

2 

2 

I— 8ia     AEb     8*4     ^h 
3c     10*1     75     9*1     2ti 

76—11*1     75— 5ti 
G. 

II     LR     If'a     1*4     7*3     75      8c— 
6*3     3*2— 3c--10*i '    76      9*1— 
2*1     76—11*1     75—5*1     G. 

»»       »f 

2 

3 

I     8*2    A  Re     12i^    Gij 
100— lOig     10c    3*4 
9*1     2ti      76      11*1 
75    5*1     G. 

II     LR     14     1*4     7*3     75— 8c— 
6*3—3*2   '3c— lOv-lOc      3*4— 
9*1—21^-75—1 1*1  —  76— 5*1— 
G. 

t*  .     >i 

2 

4 

I     Sij    ARt     8t4    200 
9i,      2*3      2c      10i4 
1  iij-_76— 5*1— (?. 

II     Z/Z— 1*2     1*4     7*3      75      8c 
6^3— 3»a— 3c     10*.j      10c      3*4— 
9,j_-2i^— 2c— 10*4—  1 1*1  —  75— 
5i,     G. 

11— LR—  lig— UV-  7*3 — 75  —  8c— 
613-3*2     3c      10*2      10c     3*4 
9*1     2*2     2c     10*4     11*2     11<?— 
2i^— 5*1— (?. 

»»       »» 

2 

5 

I—Stg— iliZc- 12*3— 6*1- 
100— lltg- lie— 2«4— 
6*1— Gf. 

2 

6 

I— 8*2— >i  /26-8*4— 200— 
100      5t8— 6c      9o 

11*4—^. 

U—LR     1*2      1*4     7*3     75      8c— 
6*3—312- 3c  —  lOi'a—  10c—  3*4— 
9i2     5*0     5c     9c     9*4     G. 

2 

7 

I_8t2— il^c— 12*,— 5t4— 
6c— 376— (?. 

II     LR     11,     1*4     7*3     125     6*2 
6c     376  "  a. 

♦»       f» 
»»       ♦» 

»»       f » 
»»       »» 
»»       »» 

1*                 •! 
»»                 ♦♦ 

3 

Tr.  &  8 

• 

Ill— 6*4— 8*1— ii/Zft—  7*1 
7c  — 8*3— 12c  — 3*1- 
100—10*1-75  —  9*1  — 
2*1      75      11*1      75 
5*1- (7. 

I     7*4    A  Re     12*4—3*3 
3c  -10*1     75—9*1     2i, 
—75— 11*1— 76— 5*1- 
G. 

l—'ji^^ARt—  12*a—  6*1 
—100— 10*3- 10c— 3*4 
9*1     2*1     76     11*1 

I     7*4     ARe     12*4     200 
9*3  — 2*3 -2c -10*4 — 
11*1— 75— 6*1— C?. 

II      LR  —  iis.     1*4     7*2     7c    8*3 
12c     3*1   "100     10*1     75     9*1 
2i,— 76— 11*1     75     5*,     G. 

4 

9 

n  —  LR—l  *2—  1  ^4 —  7*2 —  7c  —  8/3 
12c— 3*2     3c     J  0/1      75      9*1 
2*1     75     11*1     75-    5*,     G. 

11     LR     lij     1*4     7/2      7c     8*3 
12c     3I2     3c     10i«      10c— 3*4— 
9*1     2*,     75     11^     75—5*1   -^- 

• 

4 

10 

4 

11 

Il>    LR     1/2     1*4-    7*3      7c      8?\, 
V2c     3/0     3c      10*2     10c     3*4 
9,\  —  2*'a— 2c— 10*4— 1 1*1—75— 

5*1— (;. 

4 

12 

l__7t^_-^/jj__12*^— 6*1- 
100     11*3     lie— 2*4       ! 

6*i-(?.  '             ; 

t 
1 

l^^i^l.AJl^^  12*^  —  200 
—100_5i3_6c— 9c— 1 
1 1*4— (?.                           1 

II     LR     IL     1*4     7i'.,— 7c      8*3    - 
1 2c— 3/2— 3c— 10/2—  10c  —  3*^— 
9*1     2k     2c     10*4     11*2     Ho  — 
2*4— 5*^— tf. 

4 

13 

11— ZiJ- U'g- 1*4— 7*2— 7c  —  8*\,— 
12c     3*2    -3c     10*2     10c      3*4 
9*2 — 54— 6c—  9c — 9*4 — G. 

Note. — ^Roman  numerals  I,  II,  III,  VIII  denote  fingers  on  master  controller ;  Arabic 
numerals  1-12  denote  contactors,  76-376  denote  resist^mces  (ohms)  of  control-circuit 
rheostats;  ARt,*  ARe  denote  contacts  of  accelerating  relay;  Li?  denotes  contacts  of  lino 
relay ;  R  denotes  reverser ;  c  denotes  operating  coil ;  i  denot(»s  contacts  of  interlocks 
(position  of  interlocks  is  denoted  by  suffixes  1-4.  the  top  row  of  contacts  being  designated 
No.  1).  For  example,  the  **  actuating  "  circuit  for  step  2  would  be  read  : — Finger  1 — No. 
2  interlocks,  contactor  8 — contacts  6,  accelerating  relay — No.  4  interlocks,  contactor  8 — • 
No.  3  interlocks,  contactor  3 — coil,  contactor  3 — No.  1  interlocks,  contactor  10 — 75  ohms 
— ^No.  I  interlocks,  contactor  9 — No.  1  interlocks,  contactor  5— earth. 
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The  contactB  in  the  controller  are  provided  with  a  magnetic  blow-out, 
the  blow-out  coil  being  fixed  to  the  back  of  the  arc  deflectors.  The 
handle  is  provided  with  the  "  dead-man'e  handle  "  feature,  and  can  be 
locked  in  the  "  off "  position  by  the  insertion  of  a  key  at  A', 

The  master  controllers  are  connected  to  a  special  multiple -conductor 
cfible  to  which  the  contactor  operating  coils  are  also  connected.  Con- 
tinuity of  this  cable  between  coaches  is  maintained  by  a  jumper  cable 
with  plugs  and  sockets  (Fig.  148),  the  plugs  being  arranged  so  that  they 
can  only  enter  the  socket  in  a  certain  manner.  %i4 

All  branch  connections  from  the  control-circuit  cable  are  made  by 
means  of  connection  boxes  with  terminals. 


e  Electro- mignetic 

A  email  cylindrical  cut-out  switch  is  inserted  in  the  branch  leading 
to  each  set  of  contactors,  so  that,  if  necessary,  the  whole  of  the  operatina 
coils  of  any  group  of  contactors  may  be  discoimectcd  from  the  control 
circuit.  The  cut-out  switches,  controlling  the  motor-controllerB  on  each 
motor-coach,  together  with  the  other  switches  and  fuses  for  the  control 
and  auxiliary  circuits,  are  usually  mounted  on  a  slate  panel  located  in 
the  driving  compartment  of  each  motor-coach.     (See  Fig,  286,  p.  342.) 

With  modem  control  equipments  it  is  customary  to  instaJ  an  elec- 
trically-operated circuit -breaker  in  the  circuit  of  each  group  of  motors. 
This  circuit- breaker  follows  the  general  design  of  the  contactors,  but  is 

[irovided  with  a  brush  contact,  auxiliary  (or  arcing)  contacts,  an  over-j 
oad  release  coil,  and  a  shunt  tripping  coil.  The  closing  coil  is  energisedj 
from  a  special  switch  in  the  motorman's  compartment,  and  the  circuit- 
breaker  is  held  closed  by  a  latch.     It  is  tripped  either  automatically,' 
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by  the  overload  coil,  or  by  energising  the  shimt-trip  coil  from  a  switch 
in  the  motorman's  compartment. 

We  will  now  show  how  the  various  operations  required  for  the  sories- 
parallel  control  of  a  pair  of  motors  are  carried  out.  In  Fig.  149  is  shown 
asimpliAed  diagram  of  connections  for  the  simpleBt  method  of  control, 
using  the  open-circuit  method  of  transition  and  an  earth  return.  The 
master  controller  has  five  series  notches,  five  parallel  notches,  and  three 
transition  notches.  The  chart  of  switch  operations  and  the  key  diagram 
to  the  motor-circuit  connections  will  enable  all  the  operations  of  the 
contactors  to  be  readily  followed,  ao  that  it  is  only  necessary  to  make 
a  few  remarks  concerning  the  control  circuit. 

Consider  that  the  reverser  is  in  the  "  forward  "  position  (as  shown 


in  the  diagram),  and  that  the  train  is  required  to  be  operated  in  the 
reverse  direction  (for,  say,  shunting  operations).  The  reversing  handle 
of  the  master  controller  is  thrown  to  the  "reverse"  position  and  the 
main  handle  moved  to  the  first  notch.  The  coil  R  of  the  reverser  is 
then  connected  directly  across  the  siipply  through  the  interlocks  on 
No.  1  contactor.  Thus  the  reverser  is  thrown  to  the  "  reverse  "  posi- 
tion, and,  at  the  same  time,  the  auxiliary  contacts  on  the  reverser  connect 
the  coil  R  in  series  with  the  operating  coils  of  contactors  I,  3,  9,  the 
return  now  being  vid  the  master-controller  cylinder.  (Observe  that 
these  contaclora  can  only  close  provided  that  No.  10  is  open.)  The  contac- 
tors 1,3,  9  remain  closed  on  all  the  series  notches." 

On  the  second  notch  another  path  is  formed  in  the  control  cireuit, 
and  No,  4  contactor  is  operated.    On  the  third  notch,  contactor  5  is 
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closed,  and  the  operating  coil  of  No.  4  is  connected  in  aeries  with  it. 
Similarly,  on  the  fourth  notch  No.  6  is  operated,  the  path  of  the  return 
current  heing  via  Nos.  5  and  4.    On  the  fifth  notch,  Nos,  7  and  8  are 
operated,  and  are  connected  in  series  with  Nos.  6,  5,  and  4.     The  tran- 
sition steps  will  be  readily  followed  by  the  aid  of  the  chart  in  Fig.  149. 
On  the  first  parallel  notch  ft  circuit  is  established  via  the  coil  R  at 
the  reverser,  the  operating  coils  of  contactors  1,  2,  10,  11,  and  the  lower 
segments  of  master-controller  cylinder.    Observe  that  the  closing  of 
these  contactors  depends  on  No.  9  being  open, 
while,  when  No.  10  is  closed,  the  cireuit  of  No, 
9  is  interrupted.    The  object  of  this  interlock- 
ing will  be  apparent  from  a  glance  at  the  key 
diagram,  tor  Nos.  !0  and  11  are  parallel  con- 
tactors, while  No.  9  is  a  series  contactor.    The 
remaining  parallel  notehes  call  for  no  special 
observations. 

The  above  method  of  transition  was  adopted 
in  the  early  installations*  of  the  "type  M" 
control  system.  In  modem  installations  for 
motor-coach  trains  the  "bridge"  transition  is 
universally  adopted.  This  method  of  transi- 
tion requires  an  extra  contactor  and  additional 
interlocking  of  the  contacters.f 

A  simplified  diagram  of  the  motor  and 
control'Circnit  coimectioiis  for  the  bridfO 
method  of  transition  is  given  in  Fig.  160.} 
In  this  diagram  the  coupler  sockets  and  the 
auxiliary  switches  for  the  control  circuit  are 
also  shown.  The  order  of  closing  of  the  con- 
tactors is  shown  in  Fig.  I50a,  in  which  the 
preliminary  full-series  step  should  be  noted. 
This  step  really  corresponds  to  the  fifth  (or 
last  series]  noteh  on  the  master  controller,  and 
the  running  notch  is  obtained  automatically, 
by  means  of  the  interlocks  on  No.  9  contactor. 
If  the  control  cireuit  is  examined  in  detail,  it 
will  be  found  that  the  interlocks  on  the  con- 
tactors are  of  two  types — one  type  in  which 
the  auxiliary  contacts  are  closed  when  the 
contacter  is  opcn^  and  the  other  type  in  which  the  auxiliary  contacte 
are  closed  when  the  contactor  is  closed. 

Considering  the  control  circuit  in  detail,  we  have  : — 
On  the  first  noteh  a  circuit  is  e8te:bli3hed  through  one  of  the  coils 
of  the  reverser  and  the  operating  coils  of  contactors  5,  6,  8,  14,    Ob- 
serve that  these  contactors  can  only  close  provided  that  Nos.  1  and  13 

•  For  oxfttnple,  on  the  North-Eastem  Railway  (NewcuBtle-Tynemouth  lines) 
and  the  Central  London  Railway. 

f  The  advanlHgps  of  ■'  bridge  "  transition  have  br<in  discuBsed  in  Chaptor  VIII. 
For  multiple-unit  operation  (he  mfthcjd  has  the  further  advantage  that  the  prin- 
cipal conlrtctore  and  rhpostats  of  «  two-motor  equipmont  have  only  to  carry  the 
ciuTUnt  of  one  motor.     Compare  the  motor  cireuit  connectioni  in  Figs.  14!t,  151. 

t  This  diaf^Hin  refers  to  (he  R.T.-H.  non-automatic  control  equipments  in 
service  on  the  London^Undcrground  Electric  Railwaya. 


Pro.     154. — Mastor   Con- 
troller for  Uritish  West- 
inghous!^  ■■  All  Ebctrii 
Automatic  Control. 
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are  open.  On  the  second  notch,  another  circuit  ia  established  vid  the 
operating  coil  of  contactor  12.  On  the  third  notch,  the  coils  of  con- 
tactors 2  and  11  are  connected  in  series  with  the  coil  of  No.  12  ;  while,, 
on  the  fourth  and  fifth  notches,  the  coils  of  contactors  3,  10  and  4,  9 


are  added  respectively  to  the  series.  When  No.  9  closes,  however,  the 
operating  coil  of  No.  13  is  enei^ised;  and  when  this  contactor  closes, 
the  operating  coil  of  No.  8  is  opened  automatically  by  the  auxiliary 
contacts  on  No,  13.  The  main  current  has  now  a  direct  path  through 
contactor  13,  and  consequently  the  contactors  2,  3,  4,  9,  10,  11,  12 
may  be  opened  without  interrupting  the  motor  circuit.    This  operation 


184  ELECTRIC  TRACTION 

takes  place  on  the  transition  notch.  On  the  first  parallel  notch  a  circuit 
is  established  from  the  negative  pole  of  the  supply,  through  the  coils 
,  of  contaotorB  7  and  1,  thence  to  the  positive  pole  through  the  operating 
coils  of  contactors  5,  6, 14,  and  the  reverser.  (The  closing  of  contactor  1 
automatically  opens  contactor  13.)  Another  path  is  also  formed  through 
the  operatii^  coil  of  contactor  12.  The  remaining  notches  operate 
the  contactors  2,  1 1 ;   3,  10  ;  and  i,  9. 

The  interlocks  on  contactors  5  and  7  are  connected  in  the  circuit 
of  the  closing  coil  of  the  circuit-breaker,  so  that  the  latter  cannot  be 
closed  unless  these  contactors  are  open.  Moreover,  the  closing  coil 
of  the  circuit- breaker  is  connected,  through  the  master  controller,  to  a 


special  switch,  which  is  supplied  through  the  master-controller  switch 
(see  Fig.  150).  Thus,  as  the  latter  switches  are  "off"  except  at  the 
driving  master  controller,  it  follows  that  the  driver  has  complete  control 
over  all  the  circuit-breakers  on  the  train ;  •  but  although  these  circuit- 
breakers  may  be  tripped  at  any  notch  of  the  controller,  they  can  only 
be  closed  when  the  master  controller  is  in  the  "  off  "  position. 

The  cross-connection  of  the  reverser  wires  (0  and  8)  should  be 
noted.  This  cross-connection  is  necessary  because  the  "  forward " 
position  of,  say,  the  front  master  controller  must  correspond  to  the 
"  reverse  "  position  of  the  rear  master  controller. 

Automatic  COntroL — The  essential  feature  of  the  automatic  method  of 
control  is  the  use  of  relays  for  controllmg  the  operation  of  the  contactors. 
The  operation  of  the  relays  depends  on  the  motor  current,  so  that  the 

"  By  means  of  control  wires  6  and  7. 
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action  of  the  contactors  is  controlled  indirectly  by  the  motor  current. 
The  contactors  for  the  first  resistance  step,  and  for  the  series  and  parallel 
combinations  of  the  motors,  are  operated  directiy  from  the  master  con- 
troller ;  but  the  contactors  for  the  succeeding  steps  in  the  series  and 
parallel  positions  are  controlled  by  the  relays,  although  the  action  can  be 
arrested  at  any  point  by  the  master  controller. 

The  general  acllflme  of  operation  is  that,  as  each  "resistance  con- 
tactor" closes,  it  transfers  its  operating  coU  from  an  actuating  circuit 
to  a  retaining  circuit,  and  connects  the  operating  coil  of  the  contactor 
for  the  succeeding  step  to  the  actuating  circuit  vid  the  contacts  of  the 
relays.    These  contacts  are  short-circuited   when   the   motor  current 


Pig,  167. — Sectional  View  of  Operating  Cylinder  and  Valvo  of 
WestinghouBo  Elcctro-pneumatio  Contactor. 

is  below  a  predetermined  value,  but  are  open-circuited  when  the  motor 
current  exceeds  this  value.  Hence,  if  the  relay  contacts  are  short- 
circuited,  the  contactor  connected  to  the  actuating  circuit  will  be  closed, 
and  will,  in  turn,  transfer  its  operating  coil  to  the  retaining  circuit  and 
connect  the  operating  coil  of  the  next  contactor  to  the  actuating  circuit. 
Thus,  if  the  master  controller  ie  placed  in  the  full-parallel  position,  the 
contactors  will  automatically  "  notch-up,"  step  by  step,  until  the  full- 
parallel  connection  is  reached,  the  rate  at  which  the  notching  progresses 
being  controlled  indirectly  by  the  motor  current. 

Since  the  resistance  steps  are  only  cut  out  when  the  motor  current 
falb  to  the  predetermined  value,  it  is  possible,  by  correctly,  grading  the 
rheostats,  to  obtain  the  same  variation  of  motor  current  on  each  notch, 
so  that  the  average  accelerating  current,  and  therefore  the  average  accelera- 
tion, will  be  constant.  It  should  be  noted  that  this  constant  average 
acceleration  is  obtained  not  through  the  skill  of  the  motorman,  but 
through  the  agency  of  the  relays,  combined  with  the  correct  grading  of 
the  rheostats. 

It  is  apparent  that  the  relays  have  to  fulfil  s  very  important  func- 
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tion,  since  the  acceleration  depends  on  their  correct  operation.  The 
relays  are  therefore  designed  to  give  reliable  operation,  and  are  located 
in  an  iron  box  (see  Fig.  286,  p.  342),  ao  as  to  be  unaffected  by  duat,  &o. 

The  type  of  rel^  adopted  for  automatic  control  systems  is  illustrated 
in  Figs.  16S,  286.  The  relay  consists  of  two  potential  coils  and  a  current 
coil,  arranged  on  a  eomraon  magnetic  cireuit.  Each  potential  coil  is 
provided  with  a  plunger,  which  carries  a  metallic  disc  capable  of  short- 
cireuiting  a  pair  of  contacts  when  the  plunger  is  in  its  lowest  position. 
The  plungers  are  provided  with  an  adjustable  time-limit  device,  the 
purpose  of  which  is  explained  below.  The  potential  coils  are  connected 
in  the  circuit  of  the  operating  coils  of  the  contactors,  and  the  current 
coil  is  connected  in  the  motor  circuit. 

A  simpliiied  diagram  of  connections  for  "  Type  H "  antomatic 
control*  is  given  in  Fig.  151.     It  will  be  observed  that  the  majority 


Fig.  158. — Oroup  of  Westinghoune  Blectro-pneumntic  Contaotora. 

of  the  contactors  are  provided  with  auxiliary  contacts,  some  of  which 
perform  interlocking  functions — as  in  the  non-automatic  control — while 
others  perform  the  functions  of  connecting  the  operating  coils  to  the 
actuating  and  retaining  circuits. 

The  control-circuit  cable  consists  of  seven  wires,  of  which  five  are 
for  the  purpose  of  controlling  the  contactors,  and  the  remaining  two  are 
for  the  purpose  of  controlling  the  automatic  circuit- breaker.  Each  <rf 
the  wires  constituting  the  control  circuit  proper  has  a  definite  function  : 
thus  No.  1  wire  controls  the  "actuating"  circuit  of  the  contactors; 
No.  2  wire  controls  the  "retaining"  cireuit  of  the  contactors;  No.  3 
wire  controls  the  transition  into  parallel ;  and  wires  Nob.  8  and  0  control 
respectively  the  "  forward "  and  "  reverse "  operating  coils  of  the 
reverser,  as  well  as  the  "trolley"  and  "ground"  contactors  (Nos.  1 
and  4). 

When  the  master  controller  is  placed  on  the  first  (series)  notch 
"  forward,"  two  circuits  are  established.  One  cireuit  is  from  No.  8 
finger,  through  the  "  forward "  operating  coil  and  interlocks   of  the 

*  This  Bystem  of  control  haa  ceoently  been  installed  by  the  British  ThomBon- 
HoDSton  Co.  on  soino  of  the  trains  operating  on  the  Contral  London  and  the  London 
Underground  Railways.  It  should  be  remarked  that  the  automatic  features  were 
oriKitwly  developed  by  Mr.  F.  J.  Spraguo.  and  that  the  automatic  control  aystem 
is  designated  as  the  Spragve-Thonuon-Houaton  (or  Spragiie-Oencral  Electric)  ContTvl 
Sy»tem  {Form  M). 
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reverser,*  through  the  operating  coils  of  contactors  1  and  4,  and  thence 
to  earth  through  a  rheostat  coil.  The  other  circuit  is  from  No.  2  finger,t 
through  the  contacts  of  the  "line  relay/' t  and  thence  through  the 
operating  coil  of  "series"  contactor  (No.  8)  to  earth  vid  the  auxiliary 
contacts  of  contactors  1,  7, 6, 3, 10,  9,  2, 11, 5,  and  a  number  of  rheostat 
coils.  Observe  that  this  circuit  is  not  complete  until  the  line  relay  and 
contactor  1  close,  also  that  the  closing  of  the  line  relay  is  dependent 
on  the  circuit-breaker  and  main  switch  being  closed,  and  sufficient  volt- 
age at  the  collector  shoes. 

If  the  master  controller  is  held  on  the  first  notch,  only  contactors  1, 
4,  8  are  closed.  The  motors  are  therefore  connected  in  series  with  all 
the  rheostats  in  circuit. 

If  the  master  controller  is  moved  to  the  second  notch,  another  circuit 
(ealled  the  '*  actuating  "  circuit)  is  established  by  means  of  wire  No.  1 
and  the  automatic  accelerating  relay.  This  circuit,  however,  is  under 
the  control  of  the  relay,  and  the  contactors  will  only  be  energised  pro- 
vided that  the  relay  contacts  are  short-circuited,  which  occurs  when 
the  motor  current  is  below  a  predetermined  value.§ 

Assuming  that  these  contacts  are  closed  when  the  master  controller 
is  moved  to  the  second  notch,  a  circuit  will  be  established  through  the 
operating  coil  of  No.  3  contactor  to  earth  vid  the  auxiliary  contacts  (h) 
of  the  relay  and  contactors  8,  3,  10,  9,  2,  11,  5.  When  contactor  3 
closes,  the  auxiliary  contacts  on  this  contactor  transfer  the  operating 
coil  to  the  *'  retaining  "  circuit  (energised  from  No.  2  wire). 

The  increase  of  current  in  the  motor  circuit,  due  to  cutting-out  a 
section  of  the  rheostats,  will  cause  the  relay  to  operate,  but  the  plungers 
are  fitted  with  a  time-limit  device  which  retards  the  operation  of  the 
relay — ^and  therefore  the  opening  of  the  ''actuating*'  circuit  (No.  1 
wire) — ^until  the  contactor  coil  has  been  transferred  to  the  "  retaining  " 
circuit  by  means  of  the  auxiliary  contacts  on  the  contactor. 

When  the  relay  contacts  close  again,  contactor  10  is  energised  vid 
the  auxiliary  contacts  (c)  of  the  relay  and  contactors  8,  12,  6, 10,  3,  9,  2, 
11,6. 

Next,  contactor  2  is  energised  vid  the  auxiliary  contacts  (6)  of  the 
relay  and  contactors  8,  9,  2,  10,  11,  5. 

In  a  similar  manner  contactor  11,  and  contactors  6  and  9,  are  ener- 

*  If  the  reverser  is  in  the  *'  reverse  "  position,  the  "  forward  "  coil  is  energised 
with  the  full  line  voltage  (as  above),  provided  that  No.  4  contactor  is  open. 

t  This  circuit  (from  No.  2  finger)  forms  the  "  retaining  **  circuit  for  the  con- 
tactors ^hich  are  energised  automatically  when  the  master  controller  is  moved 
to  either  the  second  or  tne  fourth  notch. 

t  The  object  of  the  line  relay  (which  forms  part  of  the  control  equipment  of 
each  motor-cofiush)  is  to  interrupt  the  control  circuit  when  the  voltage  is  removed 
from  the  motor  circuit.  For  instance,  if  a  train  of  several  motor-coaches  is  operated 
without  a  "  Iras-line  "  cable  (t.e.  a  cable  interconnecting  the  collector  shoes,  of  like 
polarity,  throughout  the  train),  the  motor  circuits  are  supplied  through  the  in- 
dividual collector  shoes  on  each  motor-coach,  while  the  whole  of  the  control  circuits 
are  supplied  from  the  driving  coach.  Hence  if,  say,  the  rear  motor-coach  passes 
over  a  dead  section,  the  line  relay  interrupts  the  control  circuit  on  that  coach,  and 
closes  it  again  automatically  when  the  voltage  is  restored  to  the  collector  shoes. 
The  contactors,  therefore,  must  "  notch-up  "  again  in  the  same  manner  as  if  they 
were  controlled  by  the  mast^^r  controller. 

§  An  automatic  accelerating  relay  forms  part  of  the  control  equipment  of  each 
motor-coach.  Hence  the  contactors  on  any  individual  motor-coach  of  a  train  are 
under  the  control  of  the,  accelerating  relay  on  that  coach^  and  cannot  be  operated  by 
the  relayB  on  other  coaches. 
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ffaed  respectively  on  the  next  two  notches.  The  transterence  of  the 
earth  connection  of  the  "retaining"  circuit  from  No.  5  contactor  to 
No.  9  contactor  should  be  noted,  as  well  as  the  automatic  opening 
of  contactors  2  and  11.  The  table  on  page  179  will  facilitate  the 
tracing  of  the  cirouite. 

! 


Jl 


Master  CanCralltr 


M-JlflJijrUilflli 


MoCtr  Circuit  Conn«ccions 

Fio.  160. — Connecliona  for  Weatingbouao  Electro- pneuraotio  Control  System  with- 
out Battery.  Notk. — The  interlooks  are  shown  in  the  "  open  "  position  of 
the  oontactors. 

On  the  next  notch — the  last  series  notch — ^the  "bridge"  contactor 
(No.  6)  is  energised,  and  when  this  contactor  closes,  its  auxiliary  contacts 
open  the  circuit  of  contactors  3,  5,  8,  9,  10.  The  contactors  closed 
on  the  last  series  notch  are,  therefore,  Nos.  1,  4,  6. 

It  should  be  noted  that  no  more  "  notchlng-up  "  can  take  place 
unless  No.  3  wire  is  energised.    Moreover,  it  wUl  have  been  observed 
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that,  during  the  above  process  of  notching-up,  the  notching  can  be 
stopped  at  any  desired  point  by  placing  the  master  controller  on  the  first 
notch,  which  interrupts  the  "  actuating"  ciicuit. 

If  the  master  controller  is  moved  to  the  last  (or  fourth)  notch  "  for- 
ward," contacton)  7  and  12  will  be  energised  from  No.  3  wire  via  the 
auxiliary  contacts  {b)  of  the  relay  and  contactors  6,' 8,  7,  3,  10,  2,  11,  6. 


When  contactors  7  and  12  cloije,  the  control  circuit  is  transferred  to  No.  2" 
wire  vid  the  auxiliary  contacts  of  the  line  relay  and  contactors  1 ,  7,  8, 
3, 10, 2, 11,5.  Thus  the  object  of  No.  3  wire  is  to  energise  the  "parallel" 
contactors  (Nos.  7  and  12),  and  these  contactors  cannot  close  until  No.  6 
has  closed  and  No.  8  has  opened.  At  starting,  the  master  controller 
may  be  placed  directly  on  the  last  notch,  and  "  notching-up  "  will  take 
place  throi^  all  the  series  notches,  the  transition  notch,  and  the  parallel 
notches. 


Fio.  162.— ViewB  of  Control-box  tor  Wcatinghouso  Combined  Con tjic tor  and 
Drum  Coatrol  Syetem.  Thu  upper  vicsw  shows  thu  drum  controller' and 
the  overload  relay  ;  the  lawur  view  shows  tho  ruvorser  and  the  aooelerat- 
ing  relay. 
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When  No.  7  contactor  closes,  No.  6  contactor  is  automatically  opened, 
and  the  potential  coils  of  the  relay  are  supplied  through  the  aiixiliary 
contacts  of  No.  7  contactor.  On  the  series  notches  the  potential  coils 
of  the  relay  are  supplied  through  the  auxiliary  contacts  of  No.  8  con- 
ta.ctor.  Thus  the  automatic  relay  can  only  control  the  "actuating" 
circuit,  provided  that  either  No.  8  or  No.  7  contactor  is  closed. 

The  notching-up  to  "  full  parallel "  will  take  place  in  a  manner  similar 
to  that  for  the  series  steps,  and  can  be  followed  easily  from  the  chart 
of  switching  operations,  and  the  table  on  page  179."^ 

The  provision  of  duplicate  potential  coils  and  contacts  on  the  relay 
ensures  that  the  control  connections  are  made  in  the  correct  order. 

The  important  contactors  (e.g,  Nos.  1,  7,  12,  8,  6)  are  interlocked 
in  a  manner  similar  to  that  described  above  in  connection  with  Fig.  160, 
while  the  closing  coil  of  the  circuit-breaker  is  interlocked  with  No.  1 
contactor,  and  can  only  be  energised  when  this  contactor  is  open. 

The  British  Westinghouse  Oo.'s  '' AU-Electric ''  Automatic 
System  of  OontroL — This  system  of  control  provides  for  automatic 
acceleration,  and  resembles  the  Type  M  automatic  control  in  many 
features.  As  the  general  method  of  operation  is  practically  identical 
in  the  two  cases,  we  shall  only  discuss  the  control  apparatus. 

The  first  installation  of  this  (*'  all-electric  ")  system  of  control  by 
the  Westinghouse  Co.  has  been  carried  out  for  the  electrification  of 
the  London  suburban  lines  of  the  London  and  South-Westem  Railway. 
In  previous  installations — such  as  the  Metropolitan  (London)  and  Mersey 
Railways — ^the  electro-pneumatic  system,  described  below,  has  been 
adopted. 

The  contactors  differ  only  in  constructional  features  from  the  con- 
tactors for  Type  M  control,  the  general  features  and  method  of  operation 
being  common  to  both  types.  Typical  views  of  a  contactor  are  shown 
in  fig.  152.  In  these  illustrations  the  main  contacts  and  terminals, 
the  blow-out  coil,  and  the  auxiliary  contacts  can  be  clearly  seen.  Twelve 
contactors  are  provided  for  the  series-parallel  control  of  each  pair  of 
motors,!  and  the  contactors  are  mounted  on  an  iron  framework  in  the 
driver's  compartment.  On  this  framework  are  also  mounted  the  rheo- 
stats and  the  circuit-breaker,  as  shown  in  Fig.  153. 

The  reverser  is  of  the  throw-over  drum  type,  and  is  operated  by 
solenoids.  The  main  segments  are  fixed  to  castings,  which  are  clamped 
to  a  mica-insulated  square  shaft,  and  the  fingers  for  the  motor  and 
control  circuits  are  fixed  to  mica-insulated  bars.  The  interlocking  is 
carried  out  by  means  of  an  additional  contact  drum,  which  is  fixed 
to  the  same  shaft  as  the  main  drum,  and  a  set  of  fingers. 

The  master  controller  is  provided  with  both  main  and  reversing 
handles.  The  reversing  cylinder  is  concentric  with  the  main  cylinder 
(see  Fig.  154),  so  that  the  fingers  for  both  cylinders  can  be  fixed  to  one 

*  Observe  that  when  the  motors  are  in  parallel  the  operation  of  the  contactors 
is  governed  by  the  current  in  motor  No.  1.  On  some  of  the  parallel  notches  the 
closing  of  corresponding  **  resistance  "  contactors  t>akeB  place  successively  instead  of 
simultcuieously  as  with  non-automatic  control.  For  example,  a  rheostat  section  in 
No.  1  motor  circuit  is  not  cut  out  until  the  contactor  of  the  corresponding  section 
in  No.  2  motor  circuit  is  fully  closed.  The  next  rheostat  section  in  No.  2  motor 
circuit,  however,  cannot  bo  cut  out  until  the  relay  contacts  close  again. 

t  Each  motor  is  rated  at  275  H.P.,  600  volts. 


THE  CONTROL  OF  RAILWAY  MOTORS         198 


194  ELECTRIC  TRACTION 

mioa-insulated  bar.    The  link-work  for  operating  the  reversing  cylinder, 
and  the  interlocking  mechanism  between  this  cylinder  and  the  power 
cylinder,  can  be  seen  in  the  illustration.     The  main  operating  handle 
is  provided  with  the  "  dead-man's  handle  "  feature,  and  the  release  of 
the  handle  on  any  power  notch  automatically  returns  the  main  cylinder 
to  the  "  ofF "  position  and  applies  the  brakes.    The  handle  must  then  be 
returned  to  the  "  off  "  position  and  depressed  before  the  main  cylinder 
can  be  operated  again.    The  automatic  feature  is  also  operative  in  the 
"  off "  position  of  the  main  handle, 
so  that  it  is  necessary  for  the  motor- 
man  to  retain  hishold  of  thishuidle.* 
The  master  controller  is  arranged 
with  four  notches,  viz,  two  series 
and  two  parallel,  and  the  operations 
performed    on   these   notches    are 
identical  with  those  for  the  "  for- 
ward"   notches   of  the   controller 
illustrated  in  Fig.  147. 

The  automatic  accelerating  relay 
is  illustrated  in  Fig.  155. 

The  WeBtinghoiiBe  Electro- 
Pneumatic  System.! — T'he  special 
feature  of  this  system  is  that  the 
contactors  are  operated  pneumatic- 
ally, and  the  supply  of  air  to  the 
pneumatic  cylinders  is  controlled  by 
electro  <  magnetic  valves  which  are 
energised  from  a  low-voltage  circuit 
by  a  suitable  master  controller. 
The  electro -pneumatic  feature  h&e 
been  developed  extensively  by  the 
Westinghouse  Companies  for  all 
classes  of  railway  control  apparatus, 
and  further  examples  of  the  appli- 
cation of  this  system  will  be  found 
in  Chapters  X,  XI. 

The  control  equipment  includes 

Fio.  IM,-WeBtmghouacSerieB-p«raUel     f  «ro"P  of  electro -pneumatic    con- 

ControUer  with  Electro- pnououitio     tactors  (caUed  a      switch  group     ), 

Opuratmg  Gear.  an    electro  -  pneumatic  reverser,  a 

master  controller,  duplicate  I4-volt 

storage  batteries,!  the  necessary  control -circuit  cables  and  switchgear, 

and,  m  some  cases,  relays  for  automatic  acceleration. 

A  sectional  view  of  a  contactor  or  "unit  switch"  is  shown  in  Fig.  156, 

while  a  detailed  view  of  the  pneumatic  cylinder  and  the  electro -magnetic 

controlling  valve  is  shown  in  Fig.  157. S    The  cylinder  A  is  single-acting, 

•  The  automatic  device  may  be  rendored  inopecative  in  the  "  off  "  pogition  of 
the  main  handle  by  placing  the  reversing  handle  in  the  "  off  "  position. 

t  TbiH  Bystcm  of  control  is  adopted  on  the  WeetinghuUBO  equipments  in  service 
on  the  Metropolitan  Railway. 

t  Un  the  Metropolitan  Railway  tiie  batteries  have  been  replaced  by  small  motor 


}  See  Fig.  16S  for  a  oross-seotion  of  the  valve. 
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and  the  piston  B  moves  against  a  strong  spring.  An  insulated  extension 
of  the  piston-rod  engages  a  pin  fixed  to  the  lever  to  which  the  lower 
main  contact  is  pivoted,  while  a  projection  D  is  provided  for  carrying 
the  segments  of  the  auxiliary  contacts.  The  admission  valve  V  is 
maintamed  on  its  seat  by  a  spring,  and  is  opened  by  the  plunger  of 
the  ironclad  solenoid  8.  This  plunger  also  controls  the  exhaust  valve 
(see  Pig.  165,  "on"  magnet).  When  the  solenoid  is  energised,  the 
cylinder  is  supplied  with  compressed  air  at  a  pressure  of  about  70  lb. 
persq.  in.,  and  the  main  contacts  are  closed  with  considerable  pressure, 
the  contacts  closiiu;  with  a  wiping  action.  The  main  contacts  are 
located  in  an  arc  chute,  of  fireproof  material,  and  are  proved  with  a 
blow-out  coil. 

The  requisite  number  of  contactors  for  the  control  of  a  pair  of  motors  are 
built  into  a  common  frame  to  form  a  "  switch  groQp,"  a  typical  example 


Fio.  165. — Section  ol  Pneumatic  Cylinder  and  Valves  for  WeBtinghouae 
P.K.  Control. 

being  shown  in  Fig.  168.*  This  illustration  refers  to  a  switch  group  for 
the  control  of  four  160-H.P.  motors  on  the  series-parallel  system  with 
bridge  transition  and  automatic  acceleration,  and  is  representative  of 
the  Westinghouse  control  equipments  in  service  on  the  Metropolitan 
Railway  (London). 

A  simplified  diagram  of  th4  connoctions  for  this  switeh-group  is 
shown  in  Fig.  159,  in  which  the  extreme  simplicity  of  the  master  con- 
troller should  be  noted. 

The  control  circuit  is  supplied  from  a  14-volt  storage  battery.  A 
duplicate  battery  is  provided,  so  that  one  battery  is  always  avulable 
while  the  other  is  being  charged,  this  operation  being  performed  by 
connecting  the  battery  in  series  with  either  the  lighting  circuit  of  the 
coach,  or  the  motor  driving  the  air  -  compressor.  Two  double-throw 
switehes  provide  the  interchange  of  the  connections  for  the  batteries. 

Although  the  batteries  provide  a  convenient  method  of  supplying 
the  small  coils  of  the  valve  magnets  at  a  suitable  voltage,  their  use,  in 

*  For  further  deeoriptive  inlormation  and  illuatrations  of  WeHtinghouse  electro- 
pneumatic  oontrol  apparatus  see  Electric  Journal,  vols.  7,  p.  tJ02 ;  8,  p.  8B0 ;  9, 
p.  929;  10,  pp.  970,  IMSi  II,  p.  670;  12,  p.  452. 
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some  oases,  is  considered  to  be  undesirable.  In  these  cases  the  low  vol- 
tage may  be  obtained  from  a  tapping  on  a  resistance  connected  across 
the  supply  system,  and  a  simplification  of  the  control  apparatus  thereby 
results,  since  the  battery  switches  are  eliminated.  This  method  of  sup- 
plying the  control  circuit  has  been  staadatdised  by  the  Weatiaghouse 


Fig.  lOD. — Connections  for  Westinghouao  P.K.  Multiple-unit  Control. 

Co.  for  the  control  equipments  of  single  inter  -  urban  cars,  on  which 
the  motor  equipment  is  usually  four  75-H.F.  motors.  A  diSffram  of 
th6  COnnectioilB  for  this  equipment  ts  given  in  Fig.  160,  It  wUl  be  ob- 
served that  only  eight  contactors  are  required,  although  five  series 
notches  and  four  parallel  notches  are  provided.  The  method  of  con- 
necting the  sections  of  the  rheostat  in  series  and  parallel  should  also  be 
observed.    Since  only  one  group  of  rheostats  are  used,  it  is  apparent 
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that  the  bridge  method  of  transition  is  not  adopted.  An  inspection  of 
the  chart  of  switching  operations  will  show  that  the  transition  is  effected 
by  short-circuiting  a  pair  of  motors. 

Views  of  the  switch  group  are  given  in  Fig.  161.  These  views  also 
illustrate  the  method  of  mounting  the  pneumatic  cylinders  on  the  common 
frame,  and  the  arrangement  of  the  valves. 

As  the  control  is  non-automatic,  interlocks  are  only  required  on 
the  series  (8)  and  parallel  (P)  contactors. 

An  interesting  combination  of  contactors  with  a  pnenmatically- 
operated  dram  controller  has  recently  been  developed  oy  the  Westing- 
house  Co.  for  the  New  York  Municipal  and  Interborough  Rapid  Transit 
Railways.  These  equipments  *  are  arranged  for  automatic  accelera- 
tion and  field  control. 

Views  of  the  control  equipment  are  given  in  Fig.  162,  and  a  simplified 
diagram  of  connections  is  given  in  Fig.  163.  * 

It  will  be  observed  that  contactors  are  only  used  for  the  operations 
connected  with  the  grouping  of  the  motors,  the  whole  of  the  notching 
operations  for  the  resistance  steps  and  field  control  being  carried  out 
by  a  drum-type  controller.  In  this  manner  the  number  of  contactors 
is  reduced  to  8ix,t  notwithstanding  that  a  total  of  ten  notches  are  pro- 
vided (viz.  six  series  and  four  parallel),  and  that  the  bridge  method  of 
transition  is  adopted. 

The  drum  controller,  together  with  the  overload  relay,  are  fixed  at 
one  end  of  the  switch  group,  while  at  the  other  end  are  fixed  the  re- 
verser  and  the  current-limiting  relay.  Thus  the  whole  of  the  motor- 
controller  is  a  self-contained  piece  of  apparatus.  The  overall  length 
of  this  apparatus  is  4  ft.,  of  which  the  switch  group  occupies  2  ft.  8  in. 

In  normal  operation  the  contacts  of  the  drum  controller  are  not 
subjected  to  arcing,  since  the  breaking  of  the  circuits  is  performed  by 
the  contactors.  The  contacts  controlling  the  field  connections,  however, 
are  provided  with  a  magnetic  blow-out,  in  order  to  protect  them  in  the 
event  of  an  open-circuit  in  the  field  tappings. 

The  drum  controller  is  actuated  by  pneumatic  cylinders  in  the  manner 
described  below.  Interlocks  are  provided  on  this  controller,  the  con- 
tactors, and  the  reverser  to  ensure  correct  operation. 

The  master  controller  supplies  the  control  circuit  from  a  34-volt 
battery.t 

Electro  -  pneumatic  Dram  Controllers.  —  Although  the  electro- 
pneumatic  operation  of  a  series-parallel  drum-type  controller  was  de- 
veloped (for  multiple  unit  working)  by  the  Westinghouse  Co.  a  number 
of  years  ago,  §  and  abandoned  in  favour  of  electro-pneumatic  contactors, 
the  principle  has  recently  been  re-introduced  for  small  equipments. 

*  The  motors  are  rated  at  160  H.P.,  600  volts.  For  further  details  of  the  cars 
and  equipment  see  Electric  Railway  Journal,  vols.  43,  p.  1261,  p.  1327 ;  44,  p.  1376 ; 
46,  p.  496. 

f  If  the  control  notches  had  been  obtained  by  contactors  only,  a  total  of  14 
would  have  been  required. 

X  The  battery  supplies  eJso  the  signal  lights,  door  circuit  interlocks,  and  brake 
circuits.  The  increase  in  voltage  (from  the  standard  of  14  volts)  was  necessary 
on  account  of  these  features  and  the  long  length  of  train,  which  may  consist  of  a 
maximum  of  fifteen  67  ft.  coaches. 

f  This  system  of  control  is  in  service  on  the  Mersey  Railway.  For  a  description 
of  the  controllers  and  method  of  operation  see  The  Electrical  Review,  vol.  49,  p.  975  ; 
The  Electrician,  voL  61,  p.  6. 
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The  multiple- unit  operation  of  a  number  of  email  cars  can,  therefore,  be 
obtained  by  the  addition  of  an  operating  head  to  the  existing  controllers, 
and  the  provision  of  master  controllerfi  and  the  necessary  control-circuit 
cable. 

In  these  equipments  * — which  have  been  supplied  to  the  New  York 
street  railways — the  standard  platform  controller  is  fitted  with  an 
operating  head  (as  shown  in  Fig.  164),  and  the  controller  is  operated 
efectro-pneumaticaUy  from  a  master  controller.    Only  one  main  con- 
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Fio.  1ST. — Motor  Circuit  CorniMtions  for  Control  of  Motors  on  2400-volt  Circuit. 
NoTB. — The  [commutating-pole  windings  are  usually  connected — with  the 
exciting  windings — on  the  earthed  aide  of  the  armatures. 

troUer  is  therefore  necessary  on  the  car,  and,  since  this  controller  is 
remote  controlled,  it  may  be  located  in  any  convenient  part  of  the  oar. 
The  main  cylinder  is  operated  by  means  of  a  rack  and  pinion,  as  shown 
in  Fig.  165.  The  rack  forms  the  piston-rod  for  two  pistons,  which 
operate  in  a  double-acting  pneumatic  cylinder.  The  air  supply  to  this 
cylinder  is  controlled  by  electro-magnetic  valves  which  are  energised 
from  the  master  controller.  The  "on"  magnet  (Fig.  165}  admits  com- 
pressed air  to  the  "  on  "  cylinder,  and  the  "off"  magnet,  when  energised, 
releases  the  air  from  the  "off"  cylinder.  The  forward  movement  of 
the  controller  drum  is  obtained  by  energising  both  magnets  simultane- 

•  Designated  bjr  the  Weatinghouae  Co.  as  P.K.  Control  equipmeiita. 
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ously.  The  return  movement  of  this  drum  is  obtained  by  cutting  off 
the  current  from  the  valve  magnets,  which  results  in  the  admission  of 
air  to  the  "  off-"  cylinder  and  the  release  of  the  air  in  the  "  on  "  cylinder. 
To  stop  the  movement  of  the  controller  drum,  the  air  pressure  in  the 
"  on  "  and  "  off  "  cylinders  ia  equalised. 

In  order  to  obtain  the  correct  notches  on  the  controller,  the  control 
oircnit  of  the  "  off  "  magnet  is  broken  on  an  auxiliary  interlocking  drum, 
which  is  connected  to  an  extension  of  the  controller  shaft.    The  posi- 
tions of  the  segments  on  this  drum  correspond  to  the  notches  on  the 
main  drum,  and  the  fingers  cor- 
responding to  these  segments  are 
suppUed  from  the  master  controller 
through  separate  wires,  as  shown 
in  Fig.  166. 

The  reTersinfif  dram  of  the 
controller  is  also  operated  by  a 
double  -  acting  cylinder.  In  this 
case  the  piston-rod  is  connected  to 
a  crank,  and  another  crank  on  the 
same  shaft  is  connected,  by  a  link, 
to  a  crank  on  the  shaft  of  the  re- 
versing drum.  The  air  supply  to 
the  cylinder  is  controlled  by  two 
electro -magnetic  valves.  When  one 
magnet  is  energised,  the  reversing 
drum  is  thrown  to  the  "  forward  " 
position ;  and  when  the  other  m^- 
net  is  energised,  the  reversing  drum 
is  thrown  to  the  "reverse  posi- 
tion. The  control  of  these  magnets 
is,  of  course,  carried  out  from  the 
reversing  drum  on  the  master  con- 
troller. 

The  system  of  control  has  been 
developed  to  provide  for  automatic 
acceleration,  and  the  master  con- 
troller is  arranged  with  a  "  dead- 
man's  handle."  In  order  to  obtain 
these  automatic  features  from  the 
drum-controller  equipment,  a  cur- 
rent-limiting relay  and  two  electro-pneumatic  contactors  are  provided. 
These  contactors  also  act  as  an  effective  cireuit  breaker. 

In  Fig.  166  are  giv^  the  conuMtiolls  for  the  control  and  motor 
cireuits.  A  reference  to  the  diagram  of  the  motor-cireuit  connections 
will  show  that  field  control  is  adopted. 

An  inspection  of  Fig.  164  will  show  that  each  of  the  fingers  for  the 
main  drum  of  the  controller  ia  provided  with  a  blow-out  coil.  The 
blow-out  coils  have  iron  cores,  and  iron  flanges  are  fixed  to  the  core  on 
each  side  of  the  coil.  Iron  plates  are  also  embedded  in  the  are  deflectors, 
so  that  a  very  efficient  blow-out  is  produced.  This  type  of  blow-out 
(which  may  be  called  the  indlTidaal  Wow-out)  is  used  for  drum  con- 
trollers handling  heavy  currents,  and  has  the  advantage  that  the  strength 
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of  the  blow-out  field  on  any  finger  can  be  proportioned  to  the  current 

to  be  broken. 

The  control  of  motors  on  high-voltage  cirouita.— With  railways 

operating  at  voltages  above  1200  volts  it  is  general  practice  to  connect 

two  motors  permanently  in  aeries.    The  series  connection  of  the  motors. 

however,  is  not  essential  on  circuits  of  1200  and  1500  volts,  as  motors 

capable  of  operating  directly  at  these  voltages  are  now  manufactured 

and  are  in  service. 

With  motors  operating  at  the  full  line  voltage  the  control  is  carried 
out  by  the  series-parallel  syst«m ; 
but  when  two  motors  are  per- 
manently connected  in  series,  the 
control  is  usually  cturied  out  by  the 
series,  series  parallel  system,  each 
group  of  two  motors  being  con- 
nected either  in  series  or  in  parallel 
with  a  similar  group. 

The  transition  from  series  to 
series-parallel  is  effected  by  short- 
circuiting  a  pair  of  moton>,  so  that 
the  main  circuit  is  not  opened  in 
transition.  The  connections  may 
be  arranged  as  shown  diagram- 
matically  in  Fig.  167,  which  with 
the  chart  of  switching  operations 
is  self -explanatory  • 

The  control  apparatus  for  high- 
voltage  motors  must,  obviously,  be 
remote  controlled.  Generally  the 
method  of  operating  the  control 
apparatus  follows  the  practice 
adopted  with  the  multiple  -  unit 
systems  described  above,  the  volt- 
es for  the  control  circuit  being 
obtained  from  either  a  rotary  trans- 
former or  a  reducer  (called  a  dyna- 
motor,  see  Chapter  XTV).  This 
machine   also    supplies   the   com- 

Eressor  motor,  and  the  lighting  and 
Bating  circuits. 

The  contactors  may  be  either  of  the  electro-magnetic  or  the  electro- 
pneumatic  types,  and  differ  from  those  described  above  in  two  features, 
viz,  (1)  the  additional  insulation,  and  (2)  the  larger  arc  chutes. 

Views  of  typical  high-voltage  contactors  are  shown  in  Figs.  168,  169, 
The  contactor  shown  in  Fig.  168  has  been  developed,  by  the  General 
Electric  Co.  and  the  British  Thomson -Houston  Co.,  for  circuits  of  2400 
volts.  The  upper  (fixed)  contact  is  mounted  on  insulators,  and  the 
movable  contact  is  operated  through  a  connecting-rod  of  treated  hickory 
wood,  the  hinge  for  this  contact  being  fixed  to  the  insulators  carrying 
the  fixed  contact.  Both  terminals  of  the  contactor  are  therefore  insu- 
lated, and  the  frame  is  usually  earthed.  The  main  contacts  are  pro- 
vided with  a  magnetic  blow-out  and  a  large,  narrow  arc  chute.    Auxiliary 
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contacts  are  provided  for  interlocking  the  control  circuit  of  the  principal 
contactors. 

When  contactors  of  this  type  are  installed  on  2400-volt  locomotives, 
it  is  general  practice  to  connect  two  or  three  contactors  in  series  at 
points  in  the  motor  circuit  where  current  has  to  be  broken  at  high 
voltage  (as,  for  example,  at  contactors  1,  2,  14,  15  in  Fig.  167).  In 
this  manner  the  contactors  are  capable  of  breaking  currents  considerably 
in  excess  of  the  normal  current  without  excessive  burning  of  the  main 
contacts.* 

The  contactor  group  shown  in  Fig.  169  illustrates  the  high-voltage 
and  low-voltage  contactors  developed  by  Messrs.  Dick,  Kerr  &  Co. 
The  illustration  refers  to  a  portion  of  the  control  equipment — ^in  service 
on  the  3750-volt  experimental  line  of  the  Lancashire  and  Yorkshire 
Railway  (Bury-Holcombe  Brook) — ^for  controlling  four  300  H.P.  1875- 
volt  motors  on  the  series,  series-parallel  system. 

The  two  upper  contactors  are  each  capable  of  rupturing  the  total 
current  taken  by  the  equipment,  and  have  been  tested  successfully  at 
6000  volts.  Under  service  conditions,  the  circuit  is  broken  by  two  con- 
tactors in  series.  The  three  lower  contactors  are  of  Messrs.  Dick,  Kerr's 
standard  600- volt  type. 

All  the  contactors  are  provided  with  the  Dick-Kerr  metallic-shield 
blow-out  (described  in  Chapter  VIII).  The  blow-out  cqils,  pole-cores, 
pole-pieces,  and  shields  are  shown  clearly  in  Fig.  169.  [Notb.— The 
blow-out  coil  and  shield  have  been  removed  from  the  centre  contactor 
of  the  lower  group.]  The  elongated  blow-out  coil  and  the  special  arc 
chute  of  the  high-voltage  contactor  should  be  noted. 

The  main  contacts  are  shown  at  the  lower  part  of  the  contactors, 
the  fixed  contacts  being  on  the  right.  Of  these  contacts,  the  lower  one 
is  for  carrying  the  current,  the  intermediate  or  auxiliary  contact  is  the 
one  at  which  the  circuit  is  made  and  broken,  and  the  upper  contact 
(located  in  the  arc  chute)  is  for  taking  the  arcing  when  the  circuit  is 
broken. 

The  shaft  carr^g  the  movable  contact  is  arranged  horizontally  in 
bearings,  and  is  given  a  rotary  motion  (through  a  small  arc)  by  means 
of  an  electro-magnet  at  the  back  of  the  contactor.  The  arcing  finger 
is  fixed,  and  is  connected  to  the  movable  finger  by  flexible  copper  shunts. 

When  current  is  broken  by  the  contactor,  the  arc  formed  between  the 
movable  and  auxiliary  contacts  is  immediately  blown  on  to  the  special 
arcing  contacts,  and  is  then  extended  around  the  shield  until  it  is  ruptured. 

Thb  CaixhtiiAtion  of  the  Resistanob  Sections  ot  Starting 
Rheostats  fob  CoNnNuons-OTJEtBENT  Motors 

A  reference  to  the  connection  diagrams  of  series-parallel  controllers  will 
show  that  the  starting  rheostats  must  be  arranged  with  a  limited  number 
of  sections,  and  that  some  of  the  sections  must  be  suitable  for  use  with  both 
the  series  and  the  parallel  positions  of  the  controller.  Modem  tramway 
controllers  have  the  starting  portion  of  the  rheostats  divided  into  four 
sections,  of  which  three  are  common  to  the  series  and  parallel  notches.     With 


•  Jt  should  be  observed  that  the  control  equipment  of  a  locomotive  is  subjected 
to  mtreh  harder  usage  than  the  control  equipment  of  a  motor-coach,  as  the  loco- 
motive may  be  required  to  operate  on  shunting  service,  which  subjects  the  *'  trolley  " 
contactors  to  very  heavy  duty. 
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the  bridge  method  of  transition  and  multiple-unit  control — as  adopted  for 
motor-coach  trains — seven  rheostat  sections  are  usually  provided. 

In  selecting  the  nnmber  of  sections  for  use  with  a  given  motor  equipment 
we  have  to  consider  the  maximum  tractive-effort  which  mav  be  exerted 
during  the  starting  period,  as  well  as  the  permissible  variation  of  the  tractive- 
effort.  These  considerations  involve  others,  such  as  the  adhesive  weight  * 
of  the  train,  locomotive,  or  car ;  the  coefificient  of  adhesion ;  *  the  mass 
to  be  accelerated  ;  and  the  gpradients  (if  any)  which  have  to  be  negotiated. 
With  tramcars  the  adhesive  weight  is  trom  76  per  cent,  to  100  per  cent. 

of  the  weight  of  the  car,  while  with  motor-coach  trains 
the  adhesive  weight  is  usually  of  the  order  of  60  per 
cent,  of  the  weight  of  the  train.  Generally,  in  each  of 
these  cases,  the  meeui  accelerating  tractive-c^ort  is  con- 
siderably below  that  required  to  slip  the  driving  wheels 
under  normal  conditions  (t.e.  with  dry  rails).  Therefore, 
as  far  as  the  design  of  the  starting  rheostats  is  concerned, 
relatively  large  fluctuations  in  the  tractive-effort  are 
permissible,  so  that  only  a  few  notches  are  required  on 
the  controller. 

On  the  other  hand,  with  electric  locomotives,  the 
tractive-effort  required  for  acceleration  may  approach 
the  limiting  value  at  which  slipping  of  the  ariving 
wheels  occurs,  so  that  only  a  relatively  small  variation  of 
the  tractive-effort  will  be  permissible  during  starting,  f 
When  the  maximum  tractive-effort  and  the  varia- 
tion of  the  tractive-effort  are  given,  the  corre^onding  currents  ceui  be  ootained 
from  the  characteristic  curves  of  the  motor.  The  number  of  sections  and 
the  grading  of  the  rheostats  can  then  be  calculated.  The  calculations,  how- 
ever, become  considerably  involved  when  exact  values  are  required,  the 
complication  being  due  to  the  vckriation  of  the  flux  with  the  current. 

Let  us  investigate  the  case  for  the  series-parallel  control  of  two  motoiB 
nsing  "bridge"  transition  (see  Fig.  118).    The  mean  tractive-effort  during 
the  starting  period  is  to  be  constant.    It  will,  therefore,  h«^  desirable  for 
equal  variations  of  the  tractive-effort  to  occur  on  the 
several  series  and  parallel  notches,  although   the 
variations  for  the  parallel  notches  will  not  necessarily 
be  the  same  as  those  for  the  series  notches.      The 
maximum  and  minimum  currents  per  motor  corre- 
sponding to  these  variations  of  tractive-effort  will    ^ 
be  denoted  respectively  by  /j,  /,  for   the   series 
notches,  and  by  I\,  I\  for  the  parallel  notches,  the 
mean  accelerating  current  per  motor  (/)  being  the 
same  for  aU  notches. 

The  rheostat  sections  must  therefore  be  designed 
so  that,  in  passing  from  notch  to  notch,  the  current 
will  increase  from  I^  to  I^  on  the  series  notches 
(see  Fig.  170),  and  from  I\  to  I\  on  the  parallel 
notches. 

Let  n,  nf  denote  the  number  of  rheostat  sections 
for  the  series  and  parallel  notches  respectively ;  % 

i?i,  i?2,  .  .  .  Rn  the  external  resistance  in  circuit  with  the  motors  on'  the 
several  series  notches  ;  R\y  R^y  ...  R\'  the  corresponding  values  (for  eocft 
motor)  §  for  the  parallel  notches  ;  and  r  the  internal  resistance  of  one  motor. 


amperes 
Fio.  171. 


•  See  Chapter  XVII,  p.  366. 

t  With  freight  locomotives,  large  variations  of  the  tractive-effort  doring  starting 
ninst  be  avoided,  otherwise  breakage  of  the  couplings  may  occur. 

X  The  number  of  notches  will  be  (n-f  1)  and  (n'-hl). 

§  Observe  that,  with  bridge  transition,  rheostats  are  inserted  in  circuit  with  tfusk 
motor  on  the  parallel  notches  (see  Fig.  118).  Contrast  with  the  other  methods  of 
transition  shown  in  Figs.  116,  117. 
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Then,  aasuming  that  the  moxiniuin  current  /^  is  obtained  on  the  first 
series  notch,  ne  have,  if  V  denotes  the  voltage  of  the  supply  circuit, 

/,  =  F/(B,+2r) 

The  speed  now  increasoB  until  l^  has  decreased  to  Izf  when  the  controller 
is  moved  to  the  second  notch. 

In  passing  from  the  first  to  the  second  not<!h  the  speed  is  unchanged. 
Hence,  if  0|,  s^  denote  the  speeds  (at  normal  voltage  —  V)  corresponding  to 
the  currents  Jp  I2  (see  Fig.  171) ;  and  ^^p  ^a^f  ^i,  2^2  denote  the  speeds  corre- 
sponding to  these  currents  on  the  first  and  second  series  notches,  then  i«i  —  0 ; 

■  -,fF-J.(fli+2rU.     -  _,  fV-T,{IL+2rh  .    .  _,  f  F-I.(g,+2r)i 
'*'~M    2(f-},r)     I'  '''-'•i    2(V-\r)    )*  *^    *'\     i(F--V)    I" 

But  1^2^  2^1  >  i^ence 

SiiV-Iy)     V-Ij(R^+2r) 

s^iV-I^r)-  F-/i(jB2+2f) 

In  passing  from  the  second  to  the  third  notch  we  have  2^2  "^  3^1  >  ^^^  ^y  ^ 
similar  process  we  obtain : 

SilV-Ijr)     F-Ii(iJ8+2r) 

Finally,  in  passing  from  the  nth  notch  to  the  (n-hl)th  notch  (which  is 
the  last  series  notch),  we  have : 

SiJV-I^)     F-l2(ig,+  2r) 
«2(F-/>)"       F-2/ir      • 

The  speed  corresponding  to  a  current  J,  on  the  last  series  notch  is  given 
by: 

and  if  transition  into  parallel  is  effected  at  this  speed  we  have : 

where  the  dashed  symbols  refer  to  the  parallel  notches. 
Hence,  as  {»+i)St=i8\,  we  obtain: 

2a',(F-7^)  V-2I^ 

»i{V-I\r)-V-l\{R\+r)' 

In  passing  from  the  first  to  the  second  of  the  parallel  notches  we  obtain, 
by  a  process  similar  to  the  above : 

>'.(F-JV)     V-I\(R',+r) 
sri{V-I\r)-f-I\{B'l+r) 
Therefore  for  the  series  notches  the  general  equations  are : 

MF-/^)     F-7,W+2r)_  _F-J,(g.+2r)  ,3.. 

^V-r,r)-V-f,(R,+2r)-     '     '     '  F-2/,r  "     '     '     ^'^^' 

whOe  for  the  parallel  notches  the  general  equations  are : 

fliv-i'lrrv-rM+r)-  ■  ■  ■  — rn^ —  •      ■  ^  ' 

and  ^\(V-Iy)         F-2V  .^^. 

The  solution  of  these  equations  may  be  obtained  either  by  trial  or  by 
means  of  graphical  methods.*  In  each  case  it  will  be  necessary  to  assume 
values  for  Jj,  I^,  I\y  I\i  and  to  have  available  the  speed  curve  of  the  motor. 

•  See  Electric  Railway  Journal,  vol.  44,  p.  1382,  for  a  giaphical  method  of  solution. 
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If  the  number  of  notches  is  given — ^which  is  usually  the  case  in  practice — 
then  the  values  assumed  for  /),  T^,  I'lt  J' 2  must  enable  the  equations  (31),  (32) 
to  be  completely  satisfied. 

[Note. — ^The  total  resistances  R^j  E\  of  tbe  series  andjparallel  portions  of 
the  rheostats  are  obtained  by  the  application  of  the  equations: 

J V_  ^        2^>(F^J,r)  F-2V      . 

^    i?i+2r  «2(F-IV)  ~  y-  ^'i(K'i+f ) ' 

while  the  resistances  (iSg,  .  .  .  1?« ;  R\,  .  .  .  2^v)  (or  the  other  notches  are 
obtained  by  successive  substitution  in  the  general  equations  (31 )»  (32).] 
The  method  of  solution  by  trial  is  therefore  a  lengthy  process. 
In  cases  where  the  conditions  of  service  are  not  severe  (e,g»  on  tramwa3r8) 
an  approxixnate  solution  to  the  above  equations  may  be  obtained  by  assum- 
ing that  the  flux  in  the  motor  is  constant  between  the  maximum  and  minimum 
values  of  the  starting  ciirrent.     Equation  (31)  then  reduces  to : 

Tg    JB24-2r    R^-\-2r  2r  ^       ' 

which  ia  a  simple  geometrical  progression. 

Hence  (i V = ^>^  ^^    But  i?i + 2r  =  VII^.     Therefore  /j  can  be  readily  de- 

termined,  and  the  values  of  i?2»  2^3.*.  can  be  easily  evaluated. 

With  tramcar  controllers  the  rheostats  in  the  parallel  notches  are  con- 
nected in  series  with  a  pair  of  motors  (see  Fig.  129),  so  that  the  total  resist- 
ances of  the  motors  and  rheostats  on  the  several  notches  are  jB'j  +  Jf,  R\-k-  Jr, 
&c.     Hence  equation  (32)  reduces  to : 

17  s^-    i  •   — w ^    ^ 

By  simplifying  equation  (32a)  we  obtain: 

R\+ir=^^ •     •    •    <'2c) 

The  ccklculation  of  the  rheostat  sections  in  this  case  presents  no  difficulty, 
and  it  is  only  necessary  to  adjust  the  resistances  so  that  some  of  the  sections 
may  be  used  in  both  the  series  and  the  parallel  notches. 

The  approximate  method  of  rheostat  design,  however,  does  not  result  in 
the  attainment  of  uniformlv  high  current-peaks  on  the  several  notches, 
and  it  is  not  suitable  for  railway  service  in  which,  to  avoid  eJipping  of  the 
driving  wheels,  uniformly  high  current-peaks  are  essential. 

It  may  be  remarked  that  in  practice  the  resistance  of  the  rheostats  and 
the  number  of  sections  is  influenced  by  the  slope  of.  the  speed  curve  at  the 
mean  accelerating  current.  A  motor  possessing  a  steep  speed  curve  {e.g. 
a  single-phase  motor,  or  a  continuous-current  motor  with  either  an  unsaturated 
magnetic  circuit  or  a  high  resistance)  will  require  fewer  rheostat  sections 
(for  a  given  percentage  variation  of  tractive-effort)  than  a  motor  possessing 
a  flat  speed  curve.  This  feature  is  shown  in  Figs.  172,  173.  Fig.  172  also 
shows  that,  for  an  equal  number  of  notches  in  the  series  and  parallel  positions 
of  the  controller,  the  variation  of  tractive-effort  will  be  greater  for  the  series 
notches  than  for  the  parallel  notches,  due  to  the  smaller  slope  of  the  **  series  " 
speed  curve. 

The  design  of  rheostats  for  nse  with  electric  locomotiTes  usually 
differs  ia  seyeral  features  from  that  of  rheostats  for  use  with  motor-coach 
trains.  The  distinction  ariees  from  the  fekct  that  with  motor  coach  trains 
the  adhesive  weight  (for  a  given  train)  is  only  slightly  affected  by  variations 

*  r^  /'21  in  this  case,  refer  to  the  line  currents,  and  A'j,  it's  *  •  •  refer  to  the 
rheostats  in  series  with  a  pair  of  motors. 


Therefore 
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in  the  train  weight  (see  Table  XT,  p.  326),  so  that,  for  a  given  mean  acceler« 
ating  current)  the  acceleration  of  a  lightly-loaded  train  will  not  differ  ap- 
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Fio.  172. — Showing  the  fluctuations  in  speed  and  current  per  motor 
during  starting  two  40-H.P.  Tramway  Motors. 

preciably  from  that  of  a  fully -lo€Mled  train.     On  the  other  hand,  a  locomotive 
may  be  required  to  haul  trains  of  various  weights,  and  may  also  be  required 
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Fig.  173. — Speed  Curves — for  a  Four-motor  Locomotive  Equipment — 
corresponding  to  the  various  Controller  Notches. 

to  run  light.     Thus  it  is  obvious  that,  if  the  rheostats  were  adjusted  to  give 
the  tractive-effort  required  for  accelerating  a  heavy  train,  then  the  accelera- 
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tion  with  the  locomotive  running  light  would  probably  be  sufficient  to  unseat 
the  driver.  Therefore,  to  meet  these  conditions,  additional  notches  and 
rheostat  sections  must  be  provided  (see  Fig.  173).  The  gradual  application 
of  the  tractive-effort  and  draw-bar  pull  is  essential  for  the  safe  handling  of 
freight  trains  which  are  mc^le  up  with  slack  couplings.  The  additional  rheostat 
sections  must  be  designed  so  that  the  slack  can  be  gradually  pulled  out  of  the 
couplings. 

For  locomotive  service  the  double-series-parallel  system  of  control  possesses 
cuivantages  over  the  ordinary  series-parallel  system  :  thus  (1)  a  larger  number 
of'notches  cem  be  provided,  (2)  three  running  speeds  are  availaUe,  and  (3) 
the  rheostatic  losses  are  lower  than  those  for  a  corresponding  series-parallel 
system. 

In  the  case  of  a  freight  locomotive  accelerating  a  heavy  train  up  a  gradient, 
the  tractive-effort  required  may  approach  the  limiting 'value  at  which  slip- 
ping of  the  driving  wheels  occurs.  Under  these  conditions  it  is  imperative 
that  the  limiting  tractive-effort  be  not  exceeded  on  any  notch,  and  the  con- 
troller must  be  held  on  a  notch  until  the  current  has  decreased  to  the  minimum 
value.  The  rheostats  should  therefore  be  proportioned  to  allow  of  consider- 
able time  being  spent  on  each  notch.  Thus  with  control  equipments  for 
heavy  freight  locomotives  it  is  standcud  practice  to  instal  rheostats  having 
a  5-minute  rating,  while  under  exceptionally  severe  operating  conditions 
continuously-rated  rheostats  are  installed.  These  equipments  form  a  striking 
contrast  to  those  for  motor- co€Mih  trains,  in  which  a  20 -second  rating  for  the 
rheostats  is  general  practice. 


CHAPTER  X 

THE  CONTROL  OF  SINGLE-PHASE  RAILWAY  MOTORS 

The  contiol  of  the  speed  and  torque  of  single-phase  railway  motors  is 
usually  accomplished  by  the  variation  of  the  voltage  applied  to  the 
motors,  but  in  some  causes  the  control  is  wholly  or  partially  performed 
by  means  of  brush  shifting.* 

With  motors  of  the  series-repulsion  type  provision  must  also  be  made 
for  changing  the  motor  connections  from  repulsion  to  series,  and  sup- 
plying the  armature  and  exciting  windings  with  various  voltages. 

The  voltage  control  of  alternating-current  motors  differs  from  that 
of  continuous-current  motors  in  that  rheostats  are  dispensed  with,  the 
various  voltages  being  obtained  from  a  transformer  or  from  an  induction 
regulator.  Series-parallel  control  of  the  motors  is,  therefore,  unneces- 
sary. Moreover,  each  control  point  becomes  a  running  "point,  so  that  a 
number  of  economical  speeds  are  available.  This  feature  is  of  con- 
siderable importance  in  connection  with  the  control  equipments  for 
freight  locomotives,  and  has  already  been  discussed  in  Chapter  IX. 

Since  all  alternating-current  railways  are  supplied  at  high  voltage, 
a  transformer  will  be  required  in  order  to  obtain  the  correct  voltage  for 
the  motors.  Although  repulsion  motors  may  be  operated  at  the  full 
supply  voltage,  it  is  undesirable,  in  practice,  to  employ  a  high  voltage 
on  the  stator.f  Moreover,  a  transformer  is  required,  in  any  case,  for 
supplying  the  auxiliary  machines,  lighting,  heating,  &;c.  Hence  it  is 
the  general  practice  to  supply  all  types  of  motors  from  a  transformer, 
whether  the  control  is  by  brush-sh&ting  or  voltage  regulation.  The 
secondary  winding  of  the  transformer  is  arranged  with  tappings,  so  that 
the  various  voltages  for  control,  lighting,  heating,  &;c.,  can  be  obtained. 

The  normal  operating  voltages  of  the  various  types  of  motors  and 
auxiliary  apparatus  are  as  follows :  series  motors  (moderate  output)., 
250  to  320  volts ;  series  motors  (large  output),  400  to  500  volts ;  re- 
pulsion motors,  750  to  1000  volts ;  auxiliary  motors  for  compressors, 
blowers,  &;c.,  110  to  220  volts ;  lighting  and  heating,  110  to  220  volts. 

*  Repulsion  motors  of  the  D6ri  type  are  controlled  entirely  b^  brush  shifting. 

This  method  of  control,  in  conjunction  with  voltage  variation,  has  also  been 
applied  to  repulsion  motors  by  the  A.E.G.,  and  to  series  motors  by  the  Bergmann 
Go.     See  The  Engineer,  vol.  113,  p.  622  ;  vol.  114,  p.  11. 

t  This  statement  applies  to  compensated-ropulsion  and  bmsh-shifting  repulsion 
motors.  It  may  be  remarked  that  the  original  claims  of  the  compensated-repulsion 
motor  being  suitable  for  high  voltages  have  not  been  substantiated,  as  these  motors 
cure  now  wound  for  about  750  volts. 
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The  regulation  of  the  voltage  supplied  to  the  motors  may  be  per- 
formed by  means  of  (1)  several  tappings  on  the  secondary  winding  of  the 
transformer,  in  conjunction  with  contactors  or  a  controller;  (2)  an 
induction  regulator  *  connected  between  the  secondary  winding  of  the 
transformer  and  the  motors  ;  (3)  a  combination  of  (1)  and  (2). 

The  first  of  these  methods  is  largely  used  in  practice,  and  is  similar 
in  principle  to  the  contactor  system  of  controlling  continuous-current 
motors.  In  the  present  case,  however,  the  contactors  are  connected  to 
the  various  tappings  on  the  transformer,,  and  it  is  obvious  that,  in  the 
closing  of  the  cont^tors,  we  must  take  precautions  to  avoid  the  succes- 
sive short-circuiting  of  the  different  sections  of  the  transformer  winding. 
This  may  be  overcome  by  (a)  having  only  one  contactor  closed  at  the 
same  time,  (6)  connecting  a  preventive  coil  t  ^  the  circuit  between  two 
adjacent  contactors,  (c)  providing  double  secondary  windings  (each  with 
suitable  tappings)  on  the  transformer,  and  arranging  the  connections 
so  that,  under  normal  conditions,  the  motors  and  secondary  windings 
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FiQ.  n^* — Method  of  Ck)nnocting  Ck)ntactor8  for  Open-oircuit  TraxLsition* 

are  in  series,  but  during  transition  the  motors  are  connected  in  parallel 
across  one  secondary  winding. 

The  first  method  of  transition  (a)  possesses  the  merits  of  simplicity, 
and  enables  the  control  to  be  effected  with  a  small  number  of  contactors, 
but  it  involves  opening  the  motor  circuit  in  passing  from  notch  to  notch, 

*  An  induction  regulator  is  a  booster-transformer  in  which  one  of  the  windinss 
(usually  the  primary)  is  carried  on  a  movable  core  which  can  be  moved  through 
180  (magnetic)  degrees. 

The  apparatus  (see  Fig.  192,  p.  222),  therefore,  resembles  an  induction  motor 
rather  than  a  static  transformer. 

The  primary  winding  is  excited  at  constant  voltage,  and  the  secondary  winding 
is  connected  in  series  with  the  circuit,  the  voltage  of  which  is  to  be  regulated.  The 
voltage  induced  in  the  secondary  winding  depends  on  the  relative  positions  of  the 
primary  and  secondary  windings,  and  can  oe  varied  gradually  (by  rotating  the 
movable  core  carrying  the  primary  winding)  from  a  negative  maximum  value  to  a 
positive  maximum  value. 

f  A  preventive  coil  consiste  of  a  laminated  magnetic  circuit  wound  with  a  single 
winding  which  is  tapped  at  the  centre  point.  Such  a  coil  will  offer  a  high  impedance 
to  an  alternating  current  passing  through  the  winding  from  Gmd  to  end,  but  will 
exert  practically  no  choking  effect  upon  an  alternating  current  passing  between  the 
centre  point  of  the  winding  and  the  two  ends,  since,  in  the  latter  case,  the  resultant 
ampere- turns  are  zero. 

If  the  winding  be  connected  between  adjacent  tappings  of  the  transfontaer 
the  potential  of  the  centre  point  will  be  midway  between  that  of  the  tappings,  since, 
under  these  conditions,  the  preventive  coil  is  virtually  an  auto-transtormer  with 
a  ratio  of  2  :  1. 
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thereby  producing  jerky  acceleration  and  arcing  at  the  switch  contacts. 
The  connections  are  shown  diagrammatically  in  Fig.  174. 

The  second  method  of  transition  (b) — ^the  connections  for  which  are 
shown  diagrammatically  in  Fig.  176 — ^requires  the  contactors  (1,  2  .  .  .6) 
to  be  arranged  in  two  groups  (viz.  1,  3,  6 ;  2,  4,  6),  with  the  common 
terminals  A,  B  of  each  group  connect-ed  to  a  preventive  coil  (7,*  the 
connection  to  the  motor  being  taken  from  the  centre-point  of  the  coil. 

In  this  method  two  contactors,  connected  to  adjacent  tappings,  are 
closed  on  each  running  notch,  and  the  motor  is  supplied  through  the 
preventive  coil  at  a  voltage  approximately  midway  between  that  of  the 
tappings  to  which  the  preventive  coil  is  connected.  Each  contactor, 
therefore,  only  carries  approximately  one-half  of  the  motor  current. 
In  transition,  one  contactor  is  opened  and  another  contactor  of  the  same 
group  is  closed.    Thus,  suppose  the  motor  is  being  supplied  from  con- 
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FiQ.  175. — ^Method  of  Connecting  Ck)ntaotora  for  Closed-cirouit  Transition. 

tactors  3  and  4 :  to  increase  the  voltage,  contactor  3  is  opened  and  5 
is  closed ;  while,  to  decrease  the  voltage,  contactor  4  is  opened  and  2 
is  closed. 

During  the  transition  period  the  full  motor  current  is  carried  by 
one  contactor  and  one-half  of  the  preventive  coil,  but,  as  the  transition 
period  is  of  very  short  duration,  a  contactor  rated  (continuously)  at  one- 
half  of  the  motor  current  would  be  able  to  carry  this  current  without 
overheating. 

Of  far  greater  importance,  however,  is  the  division  of  current  in  the 
preventive  coil,  and  the  manner  in  which  this  coil  a£fects  the  motor 
voltage. 

Under  normal  conditions  the  currents  in  each  half  of  the  coil  and 
the  sections  of  the  transformer  are  distributed  in  the  manner  shown  in 
Fiff.  176,  the  difference  between  the  currents  in  the  two  portions  of  the 
coil  being  equal  to  twice  the  normal  magnetising  current.  The  coil, 
therefore,  exerts  practically  no  choking  effect  upon  the  motor  current. 

The  conditions,  however,  are  very  different  when  one-half  of  the 
coil  carries  the  whole  of  the  motor  current.    In  this  case  a  considerable 

*  A  resistance  may  also  be  used,  but  this  requires  to  be  short-circuited  after  the 
transition  has  been  effected.  Moreover,  in  this  case,  only  one  of  the  contactors 
( 1-6)  must  be  dosed  on  eaoh  running  notch. 
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choking  effect  will  be  produced  unless  the  magnetic  circuit  of  the  coil 
is  designed  with  a  high  reluctance.  Hence  it  will  be  desirable  to  design 
the  preventive  coil  with  a  moderately  large  magnetising  current.  This 
will,  of  course,  affect  the  division  of  current  in  the  two  portions  of  the 
coil,  while  the  phase  of  the  motor  voltage  will  also  be  slightly  affected. 

The  phase  relations  between  the  currents  and  voltages  in  the  two 
portions  of  the  preventive  coil  and  the  transformer  are  shown  in  the 

vector  diagram   of  Fig.   177, 
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which  refers  to  the  circuit 
diagram  of  Pig.  176.  In  Pig. 
177,  OE  represents  the  voltage 
of  the  transformer,  01  the 
(lagging)  motor  current  (/), 
and  Oi  tiie  magnetising  current 
{%)  of  the  preventive  coil.  The 
currents  in  the  two  portions  of 
the  preventive  coil  must  differ 
by  2f :  they  are  therefore  re- 
presented by  Oil  and  O/j. 

To  obtain  the  motor  voltage 
we  must  subtract  the  volta^ 
drop  in  the  left-hand  portion  of  the  preventive  coil  (Pig.  176)  from  the 
voltage  of  the  transformer.  Oa  (Fig.  177)  represents  the  induced  voltage 
in  this  portion  of  the  preventive  coil,  Ob  the  voltage  drop  due  to  resist- 
ance, and  Oc — ^the  resultant  of  Oa  and  Ob — ^the  total  voltage  drop.  The 
motor  voltage  is  given  by  OV,  the  resultajit  of  OE  and  Oc. 


Fio.  176. 


Fio.  177.  Fig.  177o. 

Vector  Diagrams  showing  the  effect  of  Preventive  CJoil  on  Motor  Voltage. 

If  the  motor  current  be  now  passed  through  the  left-hand  portion 
of  the  preventive  coil,  the  induced  voltage  in  the  coil  will  be  {I/ix\Oa), 
neglecting  saturation.  The  phase  of  this  E.M.F.  will  be  90  degrees 
from  the  current  /,  and  the  E.M.F.  is,  therefore,  represented  in  Fig.  177a 
by  Oa,    Hence  the  motor  voltage  will  be  given  by  OV^  which  is  obtained 
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in  the  same  manner  as  in  the  previous  case.  It  is  apparent  that  the 
smaller  the  ratio  I/i,  the  less  will  be  the  disturbing  effect  on  the  motor 
voltage  during  the  transition  period. 

The  above  method  of  control  may  be  extended  as  shown  in  Fig.  178,* 
where  the  motor  current  is  now  divided  between  four  contactors.  These 
connections,  however,  require  the  use  of  a  large  number  of  contactors : 
but,  for  controlling  large  motors,  the  method  has  the  advantage  that 
the  current  to  be  carried  by  each  contactor  is  only  one-quarter  of  the 
main  current.  Moreover,  a  large  number  of  voltages  are  available,  so 
that  smooth  acceleration  can  be  obtained. 

In  the  third  method  (c)  of  transition  f  (which  requires  double 
secondary  windings  on  the  transformer  and  two  groups  of  contactors) 
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Fio.  178. — ^Method  of  Connecting  Cbntcustors  for  Glosed-oirouit  Transition 

when  a  large  number  of  speeds  are  required. 

the  motors  must  be  connected  in  two  groups — i.e.  the  equivalent  of  two 
motors — and  each  secondary  winding  must  be  designed  for  the  full 
voltage  of  each  ^oup  of  motors. 

The  connections  are  shown  diagrammatically  in  Fig.  179.  Under 
normal  running  conditions  two  contactors  —one  of  each  croup — are 
closed,  so  that  the  motors  and  transformer  windings  form  a  closed  series 
circuit.  The  tappings  on  the  two  secondary  windings,  however,  are 
arranged  to  give  unequal  voltages,  and  the  voltage  on  the  motors  is 
equalised  by  the  two  cross-connected  preventive  coils  which  are  wound 
on  a  common  core  so  that  they  can  act  inductively  upon  each  other. 

The  transition  from  one  tapping  to  the  next  is  effected  by  opening 
a  contactor  and  closing  one  of  the  contactors  adjacent  to  it.  Thus, 
suppose  contactors  3  and  4  are  closed ;  to  increase  the  voltage,  contactor 
3  is  opened  and  5  is  closed ;  while  to  decrease  the  voltage,  contactor  3 
is  opened  and  1  is  closed. 

*  This  method  of  control  has  been  standardised  by  the  Westinghouse  Co.  for  the 
control  equipments  of  single-phase  locomotives, 
t  Developed  by  Messrs.  Siemens-Schuckert. 
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During  the  transition  period  (when  only  one  contactor  is  closed) 
both  motors  are  supplied  from  one  secondary  winding,  the  motors  being 
in  parallel  with  a  preventive  coil  in  series  with  each.  As  the  preventive 
coils  are  both  wound  on  the  same  core,  the  resultant  ampere-turns  will 
be  zero  if  the  motors  are  equally  loaded,  so  that  these  coils  do  not  exert 
any  choking  effect.  K  the  currents  in  the  motors  are  unequal,  the  pre- 
ventive coils  will  tend  to  equalise  these  currents. 

Although  we  have  assumed  contactors  to  be  used  for  effecting  the 
combinations  between  the  motors  and  the  transformer,  a  dram-t]rpe 
controller  can  be  adapted  to  perform  the  same  operations.  A  system 
(described  on  p.  220),  in  which  a  mechanically-operated  controller  is  used, 
has  been  developed  by  the  Oerlikon  Co.  for  motors  up  to  1260  H.P., 
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Fio.  179. — Siemens*  Method  of  Gonneoting  Contactors  for  CSlosed-oirouit 

Transition. 

and,  notwithstanding  the  large  currents  to  be  handled,  the  maintenance 
cost  of  the  controller  is  claimed  to  be  lower  than  that  of  contactors. 

With  the  induction  regulator  method  of  control — ^which  is  shown 

diagrammatically  in  Fig.  180 — ^it  is  not  necessary  to  provide  tappings 
on  the  transformer  unless  these  are  required  for  lighting,  &;c. 

The  voltage  of  the  transformer  secondary,  however,  must  be  lower 
than  that  of  the  motor  by  an  amount  equal  to  the  voltage  of  the 
secondary  winding  of  the  induction  regulator.  Thus,  if  the  normal 
voltage  of  the  motor  is  300  volts,  and  a  voltage  of  100  volts  is  required 
for  starting,  then  the  induction-regulator  secondary  must  be  rated  at 
100  volts  and  the  transformer  voltage  must  be  200  volts.  In  the  maxi- 
mum negative  boost  position  of  the  regulator — ^where  the  secondary 
voltage  is  in  opposition  to  the  supply  voTtace — ^the  motor  voltage  will 
be  IQO  volts,  which  can  be  increased  gradually  to  300  volts  by  moving 
the  regulator  into  the  position  of  maximum  boost. 

The  induction  regmator  method  of  contjrol,  therefore,  possesses  im- 
portant advantages  over  the  contactor  method,  these  advantages  being 
(1)  the  elimination  of  contactors  and  their  maintenance,  (2)  no  tappings 
required  on  the  transformer  for  purposes  of  control,  (3)  a  fine  gradation 
of  the  voltage  applied  to  the  motor,  so  that  a  perfectly  uniform  torque 
can  be  obtained  throughout  the  accelerating  period. 
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On  the  other  hand,  an  induction  regulator  for  a  large  motor  is  a  costly 
and  heavy  piece  of  apparatus,  occupying  considerable  space.  More- 
over, the  regulator  usually  requires  to  be  operated  by  a  motor,  while 
it  is  not  without  complication  *  when  automatic  or  semi-automatic 
control  is  desired. 

On  account  of  the  air-gap  between  the  primary  and  secondary  mem- 
bers of  the  regulator,  the  magnetising  current  will  generally  be  comparable 
with  that  of  an  induction  motor  of  similar  rating.  This  magnetising 
current  has,  of  course,  to  be  supplied  by  the  transformer,  so  that,  as  a 
general  result,  the  power-factor  of  a  system  in  which  the  induction  regu- 
lator method  of  control  is  adopted  will  be  lower  than  that  of  a  similar 
system  in  which  the  ct)ntrol  is  on  the  contactor  method. 

Oombination  of  Induction  Refirulfttor  and  Oontactors.— The  ob- 
jections to  the  induction  regulator  method  of  control  can  be  greatly 
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Fio.  180. — ^Diagram  of  Induction-regulator  Method  of  CJontrol. 

minimised  by  combining  an  induction  regulator  with  a  group  of  con- 
ta.ctors.t  In  this  combmed  system  it  is  possible  to  obtein  the  same 
gradation  in  the  voltage  applied  to  the  motors  as  in  the  induction  regu- 
lator system,  although  the  induction  regulator,  in  the  present  case,  is 
only  of  small  size.]:  Moreover,  the  number  of  contactors  may  be  lower 
than  that  required  for  plain  contactor  control,  but,  as  the  number  of 
contactors  is  reduced,  the  size  of  the  regulator  is  increased. 

The  general  features  of  this  system  are  represented  diagrammatically 
in  Fig.  181.  If  this  diagram  be  compared  with  that  in  Fig.  175,  it  will 
be  observed  that  the  method  of  grouping  the  contactors  is  the  same 

*  In  this  connection  see  The  Electric  Journal^  vol.  10,  p.  995,  article  by  R.  E. 
Hellmund  on  *^  Electrification  of  Trunk  Lines  in  Europe." 

t  See  paper  on  "  Control  Equipments  for  Electric  Locomotives,"  by  F.  Lydall, 
Journal  of  the  Inaiituiicn  of  Electrical  Engineers,  vol.  52,  p.  390. 

X  If  the  voltage  between  the  tappings  of  the  transformer  is  v,  the  volt-ampere 
rating  of  the  regulator  will  be  \vlf  where  /  is  the  motor  current. 

The  volt-ampere  rating  of  a  regulator,  when  no  contactors  are  used,  will  be 
\  VI,  where  V  is  the  maximum  variation  of  the  voltage  required. 

Hence,  if  a  variation  of  200  volts  is  required,  the  rating  of  the  regulator  (when 
no  contactors  are  used)  will  be  1007  ;  whereas,  if  the  transformer  is  provided  with 
25-volt  tappinffs  and  contactors,  the  rating  of  the  regulator  will  be  only  12*57,  or 
one-eighth  of  that  required  when  no  contcustors  are  used. 
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in  the  two  cases,  and  that  the  preventive  coil  in  Fig.  175  is  replaced,  in 
Fig.  181,  by  the  secondary  winding  of  the  induction  regulator. 

The  regulator  is  designed  so  that,  when  its  primary  winding  is  excited 
from  the  terminals  of  the  transformer,  the  secondary  winding  will  give  a 
voltage  equal  to  that  between  adjacent  tappings. 

Hence  if,  say,  contactor  2  is  closed  and.  the  regulator  is  in  the  posi- 
tion of  \naximum  positive  boost,  there  will  be  no  voltage  across  con- 
tactor 3.  Similarly,  if  the  regulator  is  in  the  position  of  maximum 
negative  boost,  there  will  be  no  voltage  across  contactor  1. 

The  motor  voltage  in  the  two  cases  will  be  approximately  equal  to 
V+^v  and  F—^v  respectively,  V  being  the  voltage  between  terminal  T 
and  tapping  2,  and  v  the  voltage  between  the  tappings. 

The  above  positions  of  the  regulator  correspond  respectively  to  the 
transition  points  from  contactors  2  to  3  and  from  contactors  2  to  1. 

Transformer 
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Fig.  181. — Diagram  of  Combined  Induction-regulator  and  Contactor 

Method  of  Control. 

During  transition  two  contactors  are  closed  and  the  motor  current  Ls 
divided  approximately  equally  between  them.  On  opening  one  con- 
tacto;r,  only  one-half  of  the  motor  current  has  to  be  broken  at  a  very 
low  voltage. 

In  pract'ce  the  movable  member  of  the  induction  regulator  is  arranged 
so  that  it  can  be  rotated  in  either  direction,  and  the  transition  is  effected 
automatically  by  means  of  a  small  drum  controller  operated  from  the 
movable  member  of  the  regulator  by  suitable  gearing.* 


Control  Apparatus  for  Single-Phasb  Equipments 

Of  the  methods  of  voltage  control  discussed  above,  the  method  in 
which  contactors  are  used  in  conjunction  with  tappings  on  the  trans- 
former is  obviously  better  suited  for  multiple-unit  motor-coaches  than 
the  methods  involving  the  use  of  an  induction  regulator.  For  loco- 
motives, however,  all  the  above  three  systems  are  available,  but,  as  a 
result  of  extensive  tests  with  each  system  on  the  Continent,  the  general 
tendency  is  towards  the  exclusive  use  of  contactor  control.f    Moreover, 

*  For  diagrams  showing  the  connections  of  this  controller,  see  The  Engineer, 
vol.  113,  p.  440  ;   Journal  of  the  InstUuHon  of  Electrical  Engineers^  vol.  62,  p.  394. 
t  /Wo.,  p.  396.     See  also  The  Electric  Journal,  voL  10,  p.  986. 
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the  contactor  system  of  control  has  been  standardised  in  America  for 
all  single-phase  equipments,  while  it  is  used  on  all  the  single-phase  ' 
equipments  in  this  country  —  viz.  the  London,  Brighton,  and  South 
Coast  Railway  and  the  Midland  Railway  (Lancaster-Heysham  branch). 

It  will  therefore  be  desirable  to  con^iider  in  what  respects  the  apparatus 
for   this    (contactor)   system    of 
control  differs  from  that  for  con- 
tinuoua-crurent  equipments. 

The  general  principle  is  the 
same  in  each  case — i.e.  the  con- 
tactors are  operated  electrically 
(or  electro-pneumatically)  from  a 
master  controller,  and  the  cur- 
rent for  the  control  circuit  is 
obtained  from  either  the  main 
transformer,  an  auxiliary  trans- 
former, a  stor^e  battery,  or  a 
small  motor-generator  set. 

In  the  two  latter  cases  the 
contactors  are  operated  with  con- 
tinuous current,  and  do  not  pre- 
sent any  special  features. 

On  the  other  hand,  a  contactor 
designed  for    altemate-CTUTent 

operation  possesses  features  which  are  not  found  in  a  contactor  designed 
entirely  for  continuous-current  operation.  Thus  the  magnetic  circuit 
must  be  laminated  and  must  be  provided 
with  yokes  in  order  to  reduce  the  ampere- 
turns  required  in  the  operating  coil,  while 
provision  must  be  made  to  avoid  the  chat- 
tering, or  vibration,  of  the  plunger  due  to 
the  pulsating  flux.  Moreover,  on  account 
of  the  low  voltage  of  alternating  -  current 
series  motors,  the  main  contacts  of  the 
contactors  may  have  to  carry  very  large 
currents.  Therefore,  if  a  strong  blow-out 
field  has  to  be  provided,  jtrecautions  must 
be  taken  to  avoid  the  generation  of  oddy 
currents  in  the  main  contacts. 

The  type  of  magnetic  drcnit  generally 
adopted  for  an  alternating-current  railway 
contactor  is  shown  in  Fig.  182.  In  this 
diagram,  Prepresents  the  laminated  plunger 
— of  rectangular  cross-section — working  in 
the  bra^  guides,  O,  C  the  operating  coil, 
A  the  pole  core,  and  Y  the  yoke.  Chatter- 
ing of  the  plunger  ia  prevented  by  means  of  a  short-circuited  coil 
(called  a  "snading"  coil)  inserted  in  the  face  of  either  the  plunger  or 
the  pole-piece.  This  coil  may  consist  of  a  solid  band  of  copper 
or  of  several  turns  of  wire  connected  to  a  resistance,  but  in  either 
case  the  coil  must  only  embrace  a  portion  of  the  pole  face,  as  in- 
dicated in  Fig.  182,    The  "shading"  coil  produces  an  irregular  two- 


Fio.  183. — SiemenB'  Contactor 
A,  main  contacts;  B,  C, 
coil  and  yoke  of  blow-out ; 
D,  operating  coil ;  E,  re- 
sjatance  for  "shading"  ooil 
F,  arc  chute. 
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phase  magnetic  field  at  the  pole  face,  and,  in  consequence,  the  pull 
IS  practically  steady.*  .     ,  ,  -j-      * 

In  some  cases,  however,  a  steady  pull  is  obtained  by  providing  two 
operating  coils  aqd  supplying  these  coils  with  currents  differing  in  phaae. 

AcharacteriBtic  feature  of  all  alternating-current  contactora  is 
the  automatic  reduction  of  the  current  in  the  operating  coil  (assummg  this 
coil  to  be  connected  to  a  constant  voltage)  as  the  plunger  is  pulled  up. 
It  is  apparent  that,  when  the  operating  coil  is  connected  to  an  alter- 
nating-current circuit  of  constant  voltage,  the  flux  in  the  core  must 
remain  constant  {except  for  variations  in  the  resistance  drop  and  leakage), 
irrespective  of  the  position  of  the  plunger. 

Now  the  ampere-tgms  required  to  produce  this  flux  are  proportional 
to  the  reluctance  of  the  magnetic  circuit.    The  maximum  reluctance 


occuTB  when  the  plunger  is  in  the  position  corresponding  to  the  r 
i  being  fully  open;   1" 


contacts  being  fully  open ;   the  minimum  reluctance  occurs  when  the 


Pio.  184. — Group  o(  Siemeiu'  ContaotorB.    (R«ai  view  showing  interlocking 

plunger  is  pulled  up  [i.e.  when  the  main  contacts  are  fully  closed).  The 
ratio  of  the  maximum  and  minimum  currents  will,  therefore,  depend 
upon  the  stroke  of  the  plunger,  and  may  be  of  the  order  of  6  to  1, 
according  to  the  design. 

In  order  to  obtain  a  quick  release  of  the  plunger  at  the  cessation 
of  the  operating  cun-ent,  the  pole  face  of  the  plunger  should  not  come 
into  contact  with  the  pole  face  of  the  core,  and  the  plunger  should  be 
moderately  heavy.  In  some  types  of  contactors,  in  which  the  pltmgers 
are  relatively  light,  a  demagnetising  coil  is  provided  for  the  purpose  of 
obtaining  a  quick  release  of  the  plunger,  this  coil  being  suppli^  with 
current  out  of  phase  with  the  operating  current. 

The  various  contactors  connected  with  the  control  system  must  be 
interlocked  to  prevent  the  short-circuiting  of  the  transformer  tappings 
due  to  incorrect  closing  or  sticking  of  the  contactors.  This  interlockillg 
is  generally  accomplished  electrically,  by  means  of  auxiliary  contacts 
(similar  to  those  on  continuous -current  contactors),  but  with  one  type 
of  contactor  the  interlocking  is  accomplished  by  mechanical  means. 

*  An  interesting  aeries  of  teete  on  a  aingle-phase  contactor  of  this  tn>e  is  given 
in  The  EUclrician,  vol.  70,  p.  1130.  The  teste  mclude  on  investigation  of  the  ^eot. 
on  the  pull,  of  inserting  mductance  and  oapacity  in  Beriea  with  the  "  shading  " 
coil.     The  cesulte  indioat«  that  no  improvement  in  the  puU  can  be  produced  by 
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FlQ.  18ft. — Qronp  of  Weetingfaouse  Cont-aotors  for  Hotor-ooaofa  Service. 
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Examples  of  contactors  in  uge  on  nltemating-current  single-pha^e 
railways  are  illuBtrated  in  Figa.  183  to  186. 

The  Siemens'  contactor  (Fig.  183)  is  designed  with  duplicate  contacts 
having  a  horizontal  motion  (instead  of  a  vertical  motion  as  in  other 
contactors).    One  pair  of  contacts,  located  in  an  arc  chute,  is  provided 


with  a  magnetic  blow-out  and  is  arranged  to  close  before  and  to  open 
after  the  other  pair  of  contacts.  All  arcing,  therefore,  occurs  at  the 
former  contacts.  Provision  is  also  made  for  short-circuiting  the  blow- 
out coils  when  the  contactor  is  fully  closed. 

The  contactors  (or  unit  switches)  of  the  Westinghouse  Co.  are  of  the 
same  general  design  as  those  described  in  Chapter  IX. 

On  motor-coaches  the  contactors  are  generally  located  in  special 
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hosm  fixed  to  the  underframe  of  the  coa«h,  but  on  locomotivea  the 
contactore  are  usually  arranged  on  a  framework  in  a  special  compart- 
ment.     Figs.  1S4,  185,  186  show  typical  examples  of  contactor  groups. 

The  Oerlikon  electrically-operated  controller  is  illustrated  in  Fig. 
187.  The  controller  is  mounted  on  the  top  of  the  transformer,  and  the 
tappings  are  connected  directly  to  the  fingers  of  the  main  cylinder  {see 
Fig.  188),  thereby  simplifying  the  connections,  and  avoiding  the  carry- 
ing of  heavy  conductors  from  the  transformer  to  the  control  gear.  The 
latter  point  is  of  considerable  importance  in  lai^  locomotives,  where 
the  current  per  motor  (with  series  machines)  may  reach  3000  amperes. 

The  main  cylinder  is  moved  to  the  respective  aotehes  by  means  of 


a  small  oontinuous-current  motor,  in  conjonction  with  a  ratchet-wheel 
and  two  electrically  operated  pawls.  The  ratchet-wheel  is  fixed  to  the 
controller'shaft,  while  the  arm  carrying  the  pawls  is  free  on  this  shaft, 
and  is  maintained  in  a  state  of  oscillation  (through  a  definite  arc)  by 
means  of  a  slotted  connecting-rod  and  a  crank,  the  latter  being  worm- 
driven  from  the  motor.  The  pawls  are  operated  by  electro -ma^nnets 
which  are  energised  from  the  master  controller,  one  pawl  being  used  for 
moving  the  cylinder  in  one  direction,  and  the  other  pawl  for  returning 
the  cylinder  to  the  '■  oiT"  position.  Suitable  interlocks  ensure  that  the 
cylinder  takes  up  a  position  corresponding  to  the  particular  position  of 
the  master  controller. 

The  tappings  of  the  transformer  are  connected  to  fingers,  which  are 
arranged  in  two  equal  groups,  one  group  on  each  side  of  the  main 
cylinder,  as  shown  in  the  connection  and  development  diagram  of  Fig. 
190.    Two  other  fitigers,  X,  Y,  are  connected  to  the  preventive  coil 
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A,  B,  and  another  pair  of  fingers,  W,  V,  are  connected  to  two  mechanic- 
aliy  operated  cooWttore  C,,  C^  (which  are  provided  with  magnetic 
blow-out),  at  which  the  main  circuit*  are  made  and  broken.  The 
contactorB  C^,  C^  are  separate  from  the  controUer  cyUnder,  and  can  be 
seen  in  the  view  of  the  controller  in  Fig,  189.  They  are  actuated  by  a 
mechanical  device  (which  is  geared  to  the  main  cylinder),  eo  that  the 
correct  contactor  operates  in  passing  from  notch  to  notch. 

The  manner  in  which  all  the  arcing  is  confined  to  the  contactors  is 
shown  more  clearly  in  the  elementary  diagram  of  Fig.  191.  In  this 
dia^am  the  fingers  1,  2,  3,  4  are  connected  to  the  respective  tappings 
on  the  transformer,  while  fingers  Z>,  H  and  F,  K  are  connected  respec- 
tively to  the  ends  A,B  ol  the  preventive  coil,  the  centre  point  of  which 
is  connected  to  the  motor.    The  contactors  are  represented  by  G^,  C^ ; 

Trains  former 


FiQ.  191. — Elementary  Diagram  of  principle  of  Oerlikon  Controller. 

they  are  connected  respectively  to  the  fingers  £,  J  and  G,  L.  When 
the  main  cylinder  is  moved  to  the  first  notch,  the  segment  M  makes 
contact  first  with  fingers  1  and  E.  ■  The  contactor  C,  is  then  closed,  and 
is  finally  short-cireuited  when  the  segment  makes  contact  with  finger  D. 

A  similar  process  takes  place  in  passing  to  the  second  notch,  on 
which  the  other  end,  B,  of  the  preventive  coil  is  connected  to  tapping  2. 

In  the  transition  to  the  third  notch,  segment  Jtf  first  breaks  contact 
with  finger  D,  thereby  removing  the  short-circuit  on  contactor  C,  (which 
now  carries  approximately  one-half  of  the  motor  current).  This  con- 
tactor is  then  opened,  and  segment  M  breaks  contact  with  fingers  E 
and  1.  Connection  is  now  made  between  fingers  3  and  J  by  segment 
0 ;  contactor  G^  is  closed,  and  is  finally  short-circuited  by  finger  H, 

In  the  actual  controller  (Fig.  187)  the  number  of  fingers  is  con- 
siderably less  than  the  number  shown  in  the  elementary  diagram  of 
Fig.  191,  as,  by  a  suitable  arrangement  of  segments,  it  is  possible  to 
replace  fingers  D.  H,  Ac. ;  F,  K,  &c. ;  E,  J,  ic. ;  G,  L,  &.C.,  by  four 
fingers  (lettered  X,  F,  F,  IV  in  Fig.  190). 


222 


ELECTRIC  TRACTION 


Controllers  of  the  type  illustrated  in  Fig.  187  have  been  standardised 
by  the  Oerlikon  Co.  for  all  single-phase  locomotives  above  600  H.P. 

If  the  connection-development  diagram  (Pig.  190)  of  this  controller 
be  compared  with  the  connection  diagram  (Fig.  176)  for  the  contactor 
method  of  control,  it  will  be  found  that  the  method  of  transition  is  the 
same  in  each  case,  and  that  the  controller  performs  functions  similar  to 
those  of  the  contactor  group. 

Induction  Regulators. — ^The  advantages  and  disadvantages  of  the 
induction  regulator  method  of  control  have  already  been  discussed. 
We  have  also  stated  that  this  method  of  control  has,  to  some  extent, 
been  displaced  by  the  contactor  method,  on  account  of  certain  features 


Fig.  192. — ^Diagrson  of  the  Primary,  Seoondary,  and  Compensating 
Windings  on  a  Single-phase  Induction  Regulator. 

of  the  induction  regulator  when  used  on  low-frequency  single-phase 
systems. 

In  all  single-phase  induction  regulator^i  the  flux  is  alternating  in 
character,  and  has  a  fixed  direction  relative  to  the  primary  windmg. 
When  the  rotor  is  in  the  neutral  (or  "  no  boost ")  position,  the  conductors 
of  the  secondary  winding  are  situated  in  the  path  of  the  flux  produced 
by  the  primary  winding ;  consequently,  due  to  the  interaction  of  the 
primary  flux  and  the  secondary  cun'ent,  the  rotor  will  be  subjected  to 
a  torque.  This  torque  will  be  pulsating  in  character,  thereby  causing 
excessive  vibration,  and  may  reach  very  high  values  in  a  regulator 
for  a  large  motor,  especially  when  the  latter  is  heavily  loaded  or  short- 
circuited  (due  to  slipping  of  the  driving  wheels). 

It  is  apparent,  therefore,  that  the  mechanical  parts  of  the  regulator 
must  be  exceptionally  strong,  while  for  moving  the  rotor  a  motor  of 
several  horse-power  will  be  required. 

All  single-phase  induction  regulators  must  be  provided  with  a  com- 
pensating winding  on  the  same  member  as  the  primary  winding,  the 
axis  of  the  former  being  at  right  angles  to  that  of  the  latter  (see  Fig.  192). 
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The  compensating  winding  is  usually  of  the  short-circuited  tj^,  and 
neutralises  the  ampere-turns  of  the  secondary  winding  when  the  rotor 
is  in  the  neutral  position,  thereby  reducing  the  reactance  of  this  winding.* 
In  other  positions  of  the  rotor,  the  secondary  ampere-turns  are  neutralised 
partly  by  the  ampere-turns  of  the  primary  winding  and  partly  by  the 
ampere-turns  of  the  compensating  winding,  so  that  the  voltage  drop 
in  the  secondary  winding,  for  a  given  secondary  current,  is  practically 
constant  for  all  positions  of  the  rotor. 

As  an  example  of  a  single-phase  induction  regulator  applied  to 

railway  service,  we  may  consider  the  combined  regulator  and  trans- 


FrimaryS^ 


Secondary  Winding 


Trcinsformer 
Secondary 
Wiiiding 


Fig.  193. 


Fig.  194. 


Magnetic  Circuit  and  Ck)nnections  of  **  Jeumont "  combined  Transformer  and 

Induction  Regulator. 

former  developed  by  the  Ateliers  de  Constructions  !^ectriques  du  Nord 
et  de  TEst  (known  as  the  "  Jeumont  Co.")  for  the  electric  locomotives 
supplied  by  this  firm  to  the  Midi  Railway. 

The  regulator  is  of  the  two-pole  type,  and  its  magnetic  circuit  forms 
part  of  the  magnetic  circuit  of  the  transformer.!  In  this  manner  a 
compact  device  has  been  obtained,  while  the  combination  of  the  trans- 
former and  regulator  also  effects  a  considerable  saving  in  cost  and  weight 
over  the  usual  arrangement  of  a  separate  transformer  and  regulator.  The 
arrangement  of  the  windings  and  magnetic  circuits  are  shown  diagram- 
matically  in  Figs.  193,  194. 

With  the  combined  regulator  and  transformer,  the  primary  winding 

*  Without  the  compensating  winding,  the  secondary  ampere-turns  would  be 
expended  in  saturating  the  magnetic  circuit,  and  would  thereby  produce  a  large 
(lagging)  counter-E.M.F.  in  the  secondary  circuit. 

•^  'Ae  regulator  is  rated  at  245  kVA  (1750  amps.,  140  volts),  and  the  transformer 
is  rated  at  450  kVA,  240  volts. 


224  ELECTRIC  TRACTION 

of  the  regulator  must  be  placed  on  the  atator,  and  the  elip-rings  must  be 
designed  to  carry  the  full  eecondary  current  (which  is  1750  amperes  in 
the  regulator  under  conBlderation). 

The  primary  winding  of  the  regulator  is  of  the  distributed  type,  and 
is  short-circuit«d  across  a  diameter  perpendicular  to  the  magnetic  axis 
(see  Fig.  194),  bo  that  it  forms  a  compensating  aB  well  as  an  exciting 
winding,* 

The  position  of  the  rotor  Is  regulated  b^  means  of  a  repulsion  motor 
located  on  the  top  of  the  transformer.  This  motor  is  geared  to  the  rotor 
by  two  sets  of  worm  gearing,  the  total  reduction  being  1023  :  1.  The 
direction  of  rotation  of  the  motor  ia  controlled  from  the  master  con- 
troller in  conjunction  with  limit  switches,  the  latter  taking  the  form  of  a 
small  drum  controller  which  is  chain-driven  from  the  sh^t  of  the  rotor 
of  the  regulator. 

ReverBflTB. — All  types  of  series,  compensated-repulsion,  and  doubly- 
fed  motors  require  reversing  switches  to  enable  the  direction  of  rotation 


Fia.  196. — Oerlikon  ElectrioeUly-operated  R«verser. 

of  the  motor  to  be  reversed. f  These  switches,  in  general,  have  to  per- 
form the  same  functions  as  the  reversing  switches  in  continuous-current 
equipments,  but,  with  the  Siemens-Schuckert  series  motor  (in  which 
two  excitation  windings  are  provided,  one  for  each  direction  of  rotation) 
no  reversal  of  the  connections  is  required.  In  this  case  the  reverser  has 
to  connect  either  the  one  or  the  other  exciting  winding  in  circuit,  and 
for  this  purpose  two  contactors  may  be  used. 

In  other  cases  the  reverser  may  consist  of  a  group  of  four  contactors, 
or  of  a  throw-over  drum-type  switch  with  four  fingers  and  two  sets  of 
interconnected  segments.  An  illustration  of  a  reverser  of  the  latter 
type  is  shown  in  Fig.  195.  This  reversing  switch  controls  two  1250- 
H.P.  Oerlikon  series  motors,  and  is  operated  by  two  solenoids,  which 
are  supphed  with  continuous  current. 

The  master  controllers  are,  in  general,  sinular  to  those  for  con- 
tinuous-current multiple-unit  control  systems,  except  that,  for  alter- 
nating-current operation,  no  transition  notches  are  required,  and,  on 

*  Compare   with   tho   cumponaa ted- repulsion   motor,  in   which   i 
winding  fulfils  Bimilar  functions  (p.  T2). 

t  Bevoraing  Bwit^'hes  are  not  required  with  the  Deri  brush -shifting  repuL 
^tn-   „^  .!,„  j: — .; 1  .„._.: —  jg  reversed  by  reversing  the  direction  of  m< 
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account  of  the  low  roltage  of  the  control  circuit,  it  is  not  neoessaiy  to 
provide  blow-out  coils. 

lUufltrationB  of  Westinffhonse  master  controllers  for  hand  and  auto- 


matic control  are  shown  in  Figs.  196,  197,  the  control  ciicult  in  each 
case  being  supplied  with  continuous  current  at  low  voltage. 

The  switch  group  operated  by  the  controller  of   F^,  187  is  illus- 
trated in  Fig.  185  (p.  217). 
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The  Oerlikon  master  controller  (for  electric  locomotives)  is  shown  in 
Fig.  198,  The  central  large  handle  and  cylinder  controls  the  motor- 
operated  drum-controllers  (of  the  type  illustrated  in  Fig,  187) ;  the 
handle  to  the  light  of  this  cylinder  controls  an  electrically-operated 
reverser  (of  the  type  illustrated  in  Fig.  196) ;  the  spindle  to  the  left 
(without  a  handle)  controls  the  bow  collectors  and  the  control  circuit; 
while  the  two  handles  on  the  extreme  left  control  the  high-tension  and 
low-tension  oil-switches  (which  are  electrically  operated). 

For  the  control  of  doubly-fed  motors  a  master  controller  with  two 
cylinders  and  handles  is  generally  used. 
One  cylinder  controls  the  volt^e  applied 
to  the  terminals  of  the  motor  during 
starting  and  running,  while  the  other 
cylinder  controls  (a)  the  reverser,  (b)  the 
contactor  for  short-circuiting  the  arma- 
ture (to  give  "repulsion"  connections), 
and  (c)  the  voltage  applied  to  the  com- 
pensating windii^. 

The  control  of  bnuli  -  Bbifting 
motors,  of  the  Dfiri  type,  has  not  been 
developed,  at  the  present  time,  for  mul- 
tiple-unit operation,  and  the  movement 
of  the  brushes  is  carried  out  directly  from 
the  controller  through  suitable  gearing. 
The  controller,  therefore,  takes  the  form 
of  a  handwheel  with  the  necessary  gear- 
ing for  transmitting  the  motion  to  the 
brush  gear  of  the  motor. 

In  addition  to  the  handwheel  a  second 

handle,   with   two    positions,  is  usually 

provided  for  operating  the  switch  for  the 

stator  circuit.     This  switch  is  usually 

operated   by  compressed   air,  and  the 

handle  controlhng  the.  operating  valves 

of  the  air  cylinders  is  interlocked  with  the 

handwheel    controlling   the    brushes,  so 

that  the  former  can  only  be  operated 

K^     .ni      iir  -..    L         ..  when  the  angle  of  displacement  of  the 

Fio.   197.  — Westinghouse  Master   hniHhiw  is  7*rn 

Controller  for  AotSmatio  Control    ^ru^hes  18  zero. 

(electro-pneumatic  Byatemj.  Transformers.— For  the  main  trans- 

former a  single  winding  or  a  double 
winding  may  be  used ;  but,  as  the  economy  of  a  single  winding  (auto- 
transformer)  is  only  apparent  for  low  ratios  of  transformation,  it  is 
general  practice  to  instal  a  transformer  with  a  double  winding,  since 
this  avoids  the  necessity  of  earthing  one  side  of  the  motors. 

The  transformers  for  use  on  motor-coaches  are  usually  of  the  oil-cooled 
type.  On  some  equipments,  where  the  motors  are  of  the  forced -ventilated 
type,  an  air-blast  transformer  has  been  installed,  with  a  consequent 
saving  in  weight,  as,  with  a  transformer  of  200  kVA,  the  weight  of  the 
oil  is  of  the  order  of  600  to  600  lb.,  and  therefore  the  containing  case  will 
be  much  heavier  than  the  case  of  an  air-blast  transformer.  On  electric 
locomotives  it  is  the  general  practice  to  instal  air-oooled  transformers. 
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Protective  apparatus. — The  transformers  and  motors  are  protected 
against  overload  by  means  of  automatic  overload  oil -switches,*  while 
high -frequency  lightning  diBcharges  are  prevented  from  reaching  the 
transformer  by  means  of  some  form  of  lightning  arrester  and  choke 
coil. 

On  some  electric  locomotives — where  a  single  transformer  supplies  the 
motors  and  all  the  auxiliary  circuits — an  automatio  overload  oU-switch 
is  inserted  in  the  motor  circuit  in  order  that  an  overload  on  the  motors 


Pio.  198. — Oerlikon  Master  Controller. 

shall  not  trip  out  the  high-tension  oU-switch  and  so  cut  oS  the  lighting 
and  control  circuite. 

On  motor-coaches,  however,  it  is  the  general  practice  to  supply  the 
Ughting  and  control  circuits  from  an  auxiHary  transformer.  In  these 
cases  it  is  the  general  practice  to  insert  fuses  in  the  secondary  circuit 
of  the  main  transformer  and  an  automatic  oil-switeh  in  the  primary 
circuit  {see  diagram  of  the  wiring  of  the  motor-coaches  on  the  L.B.  and 
S.C.  Railway,  p.  230). 

The  oil-switches  may  be  closed  manually,  electrically,  or  pneumatic- 
ally. When  electric  or  pneumatic  control  is  adopted  and  an  auxiliary 
transformer  is  also  installed,  the  main  oil-switeh  is  controlled  from  the 
reversing  cylinder  of  the  master  controller. 

It  is  not  the  practice  to  interrupt  the  primary  circuit  of  the  main 
transformer  when  power  is  out  off  from  the  motors,  since  this  procedure 

■  In  iotne  oaseB  tuaea  are  used  as  an  additional  protection. 
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is  liable  to  set  up  surges  which  will  produce  breakdowns  in  the  insula- 
tion of  the  tranaformer  and  high-tension  wirii^.* 

In  order  to  avoid  the  concentration  of  excessive  voltage  on  the  end  . 
turns  of  the  primary  winding  of  the  transformer  when  this  is  switched 
into  circuit,  it  is  the  practice  of  some  continental  firms  to  insert  a  resist- 
ance temporarily  in  this  circuit  during  the  switching  operation.  The 
oil-switch  is  provided  with  duplicate  contacts  {which  are  insulated  from 
one  another),  and  the  auxiliary  contacts  are  connected  to  the  main 
contacts  through  a  resistance.  Thus,  when  the  switch  is  operated,  tlie 
circuit  is  first  closed  through  the  auxiliary  oontacts  and  the  resistance. 


Fig.  199  shows  an  electrically- operated  switch  of  this  type  developed 
by  the  Oerlikon  Co.  for  electric  locomotives. 

The  oil-switches,  current  and  potential  transformers,  and  all  high- 
tension  protective  devices  must  be  located  in  a  steel  "high-tension" 
compartment.  The  doors  of  this  compartment  must  be  mechanically 
interlocked  with  the  current  collectors,  so  that  the  doors  cannot  be  opened 
when  the  collectors  are  in  contact  with  the  overhead  line.  The  opening 
of  the  doors  usually  earths  the  high-tension  circuit,  and  iu  some  cases 
the  current  collectors  cannot  be  raised  when  the  doors  are  open. 

(See  Chapters  XVI  and  XVII  for  further  details.) 

Examples  of  Typical  Control  Systems  foe  Single-phase  Motors 

All  the  control  equipments  in  operation  on  the  single-phase  railways 
of  this  country  are  on  the  contactor  system,  and  are  arranged  for  multipie- 


*  In  this  connection  see  MintUea  of  Proceedings  of  Ihe  Inaiitulion  of  Civil  Engintxri 
vol.  no,  p.  02,  popor  on  "The  Electrification  of  the  Morocambo  and  HeyBham 
branch  linta  of  the  Midland  Railway,"  by  Messrs.  J.  Uolziel  and  J.  Sayers. 
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unit  control.    These  equipments  provide  excellent  examples  of  the 
application  of  the  contactor  system  of  control  to  motor-coach  trains. 

The  equipments  on  the  Midland  Railway  (Morecambe-Heysham 
branch  lines)  were  supplied  by  the  Westinghouse  and  the  Siemens 
Companies  for  the  control  of  series  motors,  whue  the  equipments  for  the 
suburban  lines  of  London,  Brighton,  and  South  Coast  Railway  were 
supplied  by  the  Allgemeinft  Elektricitats  Gesellschaft  (A.E.G.)  and 
control  compensated  repulsion  motors.  In  each  case  the  motors  are 
about  150  H. P.,  and  are  controlled  in  pairs — i.e.  two  motors  are  supplied 
from  one  transformer  and  group  of  contactors.  Moreover,  a  different 
method  of  transition  is  adopted  for  the  respective  equipments.  Thus,  in 
the  A.E.G.  equipments  the  motor  circuit  is  opened  (as  in  Pig.  174) ;  in  the 
Westinghouse  equipment  a  preventive  coil  is  used  (as  in  Mg.  176) ;  while 
in  the  Siemens  equipments  the  transformer  is  provided  with  two  secondary 
windings  and  two  cross-connected  preventive  coils  (as  in  Fig.  179). 

A  diagram  showing  the  principal  connections  of  the  control  and 
motor  circnits  for  the  A.E.O.  equipments  is  given  in  Fig.  200. 

In  these  equipments  three  sets  of  transformers  are  provided,  viz. 
(a)  the  main  transformers,  of  which  there  are  two  for  each  motor-coach, 
each  transformer  supplying  two  motors ;  (b)  the  exciter  auto-trans-^ 
formers,^  one  for  each  pair  of  motors ;  *  (c)  the  auxiliary  transformers, 
one  for  each  motor-coach,  which  supply  the  control  circuit,  lighting,  apd 
compressors  at  300  volts. 

The  secondary  winding  of  each  main  transformer  provides  voltages  of 
450,  680,  640,  and  750  volts,  and  the  various  tappings  are  connected  to 
the  motors  by  means  of  contactors  with  duplicate  contfwjts.f 

The  contactors  are  electrically  operated  with  single-phase  current, 
and  auxiliary  contacts  are  provided  for  electrically  interlocking  the 
various  contactors  against  incorrect  operation.  Thus  the  operating 
coil  of  contactor  4  is  connected  in  series  with  the  auxiliary  contacts  on 
contactors  5,  6,  7,  so  that  contactor  4  cannot  close  unless  these  con- 
tactors are  open.  Similarly,  contactor  6  cannot  close  unless  contactors 
4,  6,  7  are  open. 

Contactors  2  and  3  control  the  ratios  of  the  exciter  transf oimer,  and 
therefore  enable  the  excitation  flux  of  the  motor  to  be  changed  without 
.  changing  the  transformer  (or  cross-)  flux.  At  starting  (controller  noteh 
1),  the  excitation  flux  is  reduced  below  the  normal  value,  in  order  to 
avoid  excessive  currents  in  the.  coils  short-circuited  by  the  brushes. 
Intermediate  speeds  (corresponding  to  controller  notehes  2,  3,  4)  are  ob- 
tained by  voltage  regulation  with  normal  excitation  flux  in  the  motor. 
The  highest  speed  (controller  noteh  5),  however,  is  obtained  by  weaken- 
ing the  excitation  flux  ;  and  in  order  to  obtain  satisfactory  commutation 
under  these  conditions,  the  commutating-pole  portion  of  the  stator 
winding  is  excited  from  the  exciter  transformer  in  such  a  manner  as  to 
provide  the  requisite  commutating  flux.t 

*  The  auto-transformer  for  each  pair  of  motors  consists  of  two  separate  windings 
(one  for  each  motor)  and  a  common  magnetic  circuit. 

t  A  reference  to  Fig.  200  will  show  that  the  two  motors  supplied  from  eckch  main 
transformer  are  not  permanently  connected  in  parallel.  Each  contactor  is,  there- 
fore, provided  with  duplicate  contacts  for  effecting  the  parallel  connection  of  the 
motors  when  the  contactor  closes. 

t  See  Chapter  V,  p.  73,  for  a  discussion  of  commutation  phenomena  at  high 
speeds. 
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Motor  Circuit   Conntetiont  C 

Fio.  200. — Connections  of  Motor  and  Control  Circuits  for  A. E.G.  CompenB&ted- 
repulsion  Motors  (London,  Brighton,  and  South  Coast  Railway). 
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The  reverser  is  of  the  throw-over  drum  type,  and  is  operated  by 
two  solenoids. 

The  master  controUer  is  provided  with  two  cylinders,  one  for  con- 
trolling the  contactors,  and  the  other  for  controlling  the  reverser.  The 
main  cylinder  has  five  notches,  and  is  fitted  with  a  ''  dead-man's  handle  " 
of  similar  design  to  that  illustrated  in  Fig.  146  (p.  173). 

The  main  automatic  oil-switch  is  electrically  operated,  and  is  con- 
trolled by  low-voltage  and  overload  relays.  A  reference  to  Fig.  200  will 
show  that  this  switch  is  electrically  interlocked  with  the  control  circuit, 
so  that,  when  the  oil-switch  opens,  the  control  circuit  is  automatically 
intenrupted.  Signal  lamps  are  fixed  in  each  driving  compartment  to 
indicate  to  the  driver  the  opening  of  the  oil-switch. 

The  Westinghoose  and  Siemens  equipments  installed  on  the 

motor-coaches  operating  on  the  Midland  Itailway  (Morecambe-Heysham 
branch  lines)  possess  the  special  feature  that  they  can  be  operated  from 
the  same  master  controUer,  notwithstanding  that,  in  one  case,  the 
control  is  on  the  electro-pneumatic  system  with  electric  interlocking; 
while,  in  the  other  case,  the  control  is  on  the  '*  all-electric  "  system 
with  mechanical  interlocking. 

Diagrams  showing  the  principal  connections  of  the  control  and  motor 
circuits  of  these  equipments  are  given  in  Figs.  201,  202.  The  control 
circuit  in  each  case  is  supplied  at  150  volts  from  an  auxiliary  trans- 
former.* 

In  the  Westinghouse  equipment  the  main  transformer  is  of  the 
oil-cooled  *'  auto  '*  type,  and  is  provided  with  six  tappmgs. 

The  "switch  group"  consists  of  six  electro-pneumatically  operated 
contactors,  which  are  connected  to  the  tappings  of  the  main  transformer 
and  to  a  preventive  coil  in  the  manner  shown  in  Fig.  176  (p.  209).  The 
centre  pomt  of  the  preventive  coil  is  connected  to  the  motors  through 
two  contactors,  A,'f  (called  "line  switches"),  which  are  controlled  from 
the  reversing  cylinder  of  the  master  controller.  These  contactors  are 
electrically  interlocked  with  those  forming  the  "  switch  group,"  so  that 
the  latter  cannot  be  operated  until  the  line  switches  are  closed.  Auxiliary 
contacts  are  also  provided  on  the  "  switch  group  "  for  interlocking  these 
contactors  against  incorrect  operation. 

The  reverser  is  of  the  throw-over  drum  type,  and  is  electro-pneu- 
matically operated. 

The  master  controller  is  arranged  on  the  '*  dead-man's  harjdle  " 
principle,  and  is  provided  with  separate  handles  for  reversing  and  speed 
control.  When  either  the  forward  or  the  downward  pressure  on  the  main 
handle  is  released,  the  control  circuit  is  interrupted  at  the  bridging  con- 
tacts D  on  the  main  cylinder. 

The  main  automatic  oil-switch  E  is  electro-pneumatically  operated. 
When  the  switch  opens  on  overload,  it  can  only  be  reset  by  returning 
the  driving  handle  of  the  master  controller  to  the  "  oflf "  position. 

In  the  Siemens  equipments  (Fig.  202)  the  main  transformer  T  is 

*  Further  details  of  these  equipments  will  be  found  in  The  Electrician,  vol.  61, 
pp.  324,  363,  371. 

t  These  contcustors  were  inserted  to  provide  for  a  break  between  the  motor  circuits, 
and  to  prevent  the  motors  from  eicting  as  generators  if  the  coach  were  hauled  by 
a  locomotive,  with  the  reverser  in  the  incorrect  position. 
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provided  with  two  secondary  windings,  each  ^ving  the  full  voltage  for 
one  motor.    Each  secondary  winding  is  provided  with  three  tappings. 


Bwkfl^Mefi 
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Fio.  201. — Connections  of  Motor  and  Control  Circuits  for  WeBtinghou 
Single-phase  Series  Motora  (Midland  Railway). 

and  the  tappings  are  connected  to  the  motors  in  the  manner 
above  (see  Hg.  179,  p.  212). 
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The  oontaotoTB  for  speed  regulation  are  divided  into  two  groups 
(correaponding  to  the  two  secondary  windings),  and  each  group  con- 
sists of  four   electrically-operated  contactors,  which  are  mechanically 


Motor  Circuit.  Connactiona 


ConC^Ktort  clotad eneech  fJoCah 


interlocked  to  prevent  more  than  one  contactor  being  closed  at  the 
same  time. 

A  separate  reverser — in  the  form  of  two  contactors — ^is  provided  for  each 
motor.    These  contactors  are  represented  in  Fig.  202  at  F^,  F, ;  £„  £,. 
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The  main  automatic  oil-switch  E  is  of  the  electrically-operated  type, 
and  is  provided  with  an  overload  relay,  the  latter  being  interlocked 
with  the  control  circuit,  so  that  the  switch  cannot  be  reset  until  the 
handle  of  the  master  controller  has  been  returned  to  the  "  oflf "  position. 

An  excellent  example  of  the  control  of  doubly-fed  motors  on  the 

multiple-unit  system  is  to  be  found  on  the  motor-coach  trains  operating 
on  the  Philadelphia-Paoli  section  of  the  Pennsylvania  Railroad.*  The 
trains  are  made  up  entirely  of  motor-coaches,  each  of  which  is  equipped 
with  two  226-H.P.,  6-pole,  25-cycle,  doubly-fed  Westinghouse  motors 
and  electro-pneumatic  control.  The  motors  are  started  as  repulsion 
machines,  and  operate  with  repulsion  connections  up  to  a  speed  of  about 
15  ml.p.h.  Above  this  speed  the  connections  are  changed  to  series, 
with  a  double  feed  to  the  armature  and  excitation  windings. 

A  simplified  diagram  of  the  connections  of  the  control  and  motor 
circuits  is  given  in  Fig.  203.  It  will  be  observed  that  the  two  motors 
of  each  motor-coach  are  permanently  connected  in  series,  and  that 
rheostats  are  inserted  in  the  motor  circuit  on  some  of  the  notches.  The 
various  combinations  for  repulsion  and  series  working  are  obtained  by 
the  use  of  a  group  of  nine  electro-pneumatic  contactors,  of  the  type 
illustrated  in  Fig.  186,  which  are  interlocked  electrically  to  provide 
against  incorrect  operation. 

The  control  is  arranged  for  automatic  acceleration,  and,  to  enable 
this  to  be  carried  out  with  the  repulsion  and  series  connections  of  the 
motors,  special  features  have  had  to  be  introduced  into  the  accelerating 
relay.  For  instance,  the  operating  current  of  the  relay,  corresponding  to 
a  given  tractive-effort  of  the  motors,  must  be  greater  during  repulsion 
working  than  during  series  working.  In  the  equipments  under  con- 
sideration the  two  settings  of  the  relay  have  been  obtained  by  the  use  of 
a  specially- weighted  plunger  and  an  additional  winding,  the  latter  being 
excited  from  the  battery  supplying  the  control  circuit.  The  lower  setting 
is  obtained  by  energising  this  coil,  which  lif te  the  weight  from  the  plunger 
of  the  relay,  while  the  higher  setting  is  obtained  by  opening  the  circuit 
of  this  coil,  so  that  the  weight  is  now  added  to  the  plunger.  The  coil  is 
energised  from  the  master  controller  at  the  same  time  as  the  motor  con- 
nections are  changed.  « 

The  control  circuit  is  supplied  from  a  single-phase  (induction)  motor- 
generator  set  operating  in  parallel  with  a  battery.  A  low- voltage  relay  is 
connected  to  the  motor  for  the  piurpose  of  disconnecting  the  generator 
from  the  battery  in  case  of  failure  of  the  alternating-current  supply.  The 
control-circuit  cable  consists  of  ten  wires. 

The  master  controller  is  similar  to  that  shown  in  Fig.  197  :  it  is  pro- 
vided with  a  "dead-man's  handle  "  and  emergency  contacts  which  energise 
an  electro-pneumatic  valve  in  the  train-pipe  of  the  air-brake.  This 
device  is  operative  when  the  handle  is  returned  to  the  central  or  neutral 
position.  In  service  the  handle  is  returned  to  the  first  notch  (see  Fig. 
203),  which  forms  the  **  off  "  position  for  the  motor  and  control  circuits. 
Each  master  controller  is  provided  with  two  plug  switches  which  control 
the  main  oil-switch  and  the  reset  coil  of  the  overload  relay.  The  plug 
for  operating  these  switches  is  chained  to  the  handle  of  the  controller, 
and,  since  this  handle  is  removable,  the  circuit  through  the  plug  switches 
can  only  be  established  at  the  driving  master  controller. 

*  For  details  of  the  equipment  see  Electric  Journal,  vol.  12,  p.  636. 
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As  a  further  example  of  the  control  of  doubly-fed  motors,  we  may 
consider  the  control  equipment  on  the  locomotive  supplied  by  the  A. E.G. 
to  the  Rhffitian  Railway  (Engadine  District,  Switzerland). 

The  locomotive  is  equipped  with  two  350-H,P.  doubly-fed  motors 
and  contactor  control.    The  motors  start  with  repulsion  connections, 
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S  Control  of  Doubly-fed  Motors.     Note. — The  control- circuit  couplers 
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"  open  "  poeition  of  contactors. 


and  operate  with  these  coonections  up  to  a  certain  speed,  when  the  con- 
nections are  changed  to  series,  with  a  double  feed  to  the  armature  and 
excitation  windings.  The  voltages  applied  to  the  various  circuits  of 
the  motors  are  regulated  from  the  master  controller  in  accordance  with 
the  indications  of  a  speed  indicator  at  the  driving  platform. 

The  principal  connections  of  the  motor  circuits  are  shown  in  Fig.  204. 
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The  main  traneformer  supplies  both  motors  and  all  the  auxiliary 
apparatus  on  the  locomotive.  For  control  purposes  the  secondary 
winding  is  provided  with  fourteen  tappings,  which  are  connected  to  a 
corresponding  number  of  contactors  A.  The  latter  are  arranged  in  two 
groups,  with  a  preventive  coil  B  connected  between  the  groups  in  the 
usual  manner.  The  motors  are  connected  in  parallel  between  the  centre 
point  of  the  preventive  coil  and  the  terminal  0  of  the  secondary  winding. 
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Fia.  204. — Motor  Circuit  Coniwotions  tor  A. E.G.  Doubly-fpd  Motors. 

An  auto-transformer  D  is  connected  in  parallel  with  the  motors, 
and  is  provided  with  three  tappings,  which  are  connected  to  a  group 
of  contactors  F.  These  contactors  are  connected  to  two  groups,  G,  H, 
of  preventive  coils — one  group  for  each  motor — from  which  connectionB 
are  taken  to  the  motors,  as  shown  in  the  diagram. 

Two  other  contactors,  J,  K,  are  connected  respectively  across  the 
armature  of  each  motor.     When  these  contactors  are  closed  the  motors 
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operate  as  repulsion  machines,  and  are  supplied  at  a  suitable  voltage 
from  the  the  tappings  on  the  main  transformer.  Above  a  certain  speed 
the  motors  are  converted  into  doubly-fed  machines  by  opening  con- 
tactors Jy  K  and  closing  contactors  in  the  group  F, 

The  reverser  is  of  the  throw-over  drum  type,  and  is  interlocked 
electrically  with  the  contactors  L,  M,  forming  the  "  line  switches,"  so 
that  the  latter  cannot  close  until  the  former  is  set  for  the  required 
direction  of  running. 

The  master  controller  is  provided  with  two  handles,  one  for  regu- 
lating the  terminal  voltage  of  the  motors,  and  the  other  for  controlling 
the  reverser,  the  contactors  for  repulsion  working,  and  the  contactors 


Fia.  205. — CJonneotions  for  Control  of  Brown-Bo veri-D6ri  Motors. 

for  regulating  the  voltage  applied  to  the  armature  and  excitation  wind- 
ings for  doubly-fed  working. 

The  control  equipment  for  D^ri  brush-shifting  repulsion  motors 

is  characteiised  by  its  extreme  simplicity  and  the  absence  of  contactors 
and  auxiliary  apparatus.  This  will  be  apparent  from  an  inspection  of 
Fig.  206,  which  shows  the  principal  connections  *  adopted  by  Brown, 
Boveri  &  Co.  in  locomotives  equipped  with  D6ri  motors.  The  oil- 
switches  in  the  high-tension  and  low-tension  circuits  are  operated  pneu- 
matically, and  the  position  of  the  movable  brushes  is  controlled  by  a 
handwheel.  The  low-tension  oil-switch  is  provided  with  an  overload 
trip-coil,  while  the  high-tension  oil-switeh  is  provided  with  overload  and 
low-voltage  trip  coils. 

*  The  lighting  and  instrument  oircuits  are  not  shown  in  Fig.  205,  in  order  that 
.this  diagram  may  be  strictly  comparable  with  Figs.  200,  201,  202,  203,  206. 
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The  heating  circuit,  compressor  motor,  and  motor-generator  set  (for 
supplying  the  Ughting  circuits)  are  supplied  from  a  tapping  on  the  main 
auto-transformer,  while  an  auxiliary  transformer  is  provided  for  supplying 
the  vacuum  pump  motor  (operating  the  brakes)  at  variable  voltage. 

An  interesting  control  system  for  the  dual  operation  of  series 
motors  on  altemating-corrent  and  continuous-current  circuits  has 

been  developed  by  the  Westinghouse  Co.  for  certain  pctssenger  and 
freight  locomotives  on  the  New  York,  New  Haven,  and  Hartford  Rail- 
road. These  locomotives  have  to  be  capable  of  running  over  the  tracks 
of  the  New  York  Central  Railroad — which  are  supplied  with  continuous 
current  at  650  volts — ^in  addition  to  operating  on  tne  single-phase  11,000- 
volt  system  of  the  New  Haven  and  Hartford  Railroad. 

The  locomotive  motors  are  of  the  Westinghouse  neutralised-series 
type  with  forced  neutralising  winding,  and  are  capable,  therefore,  of 
operating  with  either  continuous  current  or  alternating  current.  The 
freight  locomotives  are  each  equipped  with  eight  motors,  rated  at  170 
H.P.  275  volts  (alternating  current)  and  200  H.P.  325  volts  (continuous 
current).  The  motors  are  arranged  in  pairs,  and  the  motors  of  each  pair 
are  permanently  connected  in  series.  For  alternating-current  operation 
the  four  pairs  are  connected  in  parallel,  while  for  continuous-current 
operation  the  four  pairs  are  arranged  in  two  groups — ^the  two  pairs  of 
each  group  being  connected  in  parallel — and  controUed  on  the  series- 
parallel  system  with  '*  bridge  "  transition. 

The  various  combinations  between  the  motors,  rheostats,  and  trans- 
former tappings  are  effected  by  electro-pneumatic  contactors  (or  unit 
switches)  of  the  standard  Westinghouse  type.  There  are  in  all  thirty- 
two  contactors,  of  which  seventeen  are  used  for  altemating-cutrent 
control  and  nineteen  for  continuous-current  control,  four  contactors 
being  common  to  both  control  systems. 

The  control  circuit  is  supplied  from  a  32-volt  battery,  and  the  whole 
of  the  control  operations  are  effected  by  a  single  master  controller  (of 
the  type  illustrated  in  Kg.  196)  in  conjunction  with  a  change-over  switch. 

The  principal  connections  of  the  motor  circuits  and  the  control 
circuits  are  shown  in  Fig.  206,  which,  with  the  chart  of  switch  operations, 
is  self-explanatory.  It  should  be  observed  that,  in  alternating-current 
operation,  the  transition  is  by  the  method  shown  in  Fig.  178  (p.  211), 
four  of  the  contactors,  connected  to  the  tappings  of  the  transformer, 
being  closed  on  each  of  the  nine  ''  running  "  notches  of  the  controller. 

The  dual  operation  considerably  comphcates  the  wiring  for  the  control 
and  motor  circuits.  However,  the  use  of  a  common  master  controller 
and  a  change-over  switch  possesses  advantages  over  the  use  of  separate 
master  controllers  for  alternating-current  and  continuous-current  opera- 
tion, since  not  only  is  a  reduction  in  the  total  weight  of  the  control 
equipment  effected,  but  increased  safety  is  obtained. 

With  similar  locomotives,  equipped  for  alternating-current  operation 
only,  nine  running  points  are  obtained  with  the  use  of  sixteen  con- 
tactors, the  number  of  tappings  and  the  method  of  transition  being  the 
same  as  above.  The  control  equipment  of  these  locomotives,  however, 
is  3-65  tons  lighter  than  that  for  the  above  locomotives.* 

*  For  detailed  weights  of  the  control  equipments  in  the  two  locomotives,  see 
a  paper  on  **  Trunk  Line  Electrification  '*  by  Mr.  W.  S.  Murray  (Tranacictions  of 
the  American  Instiiuie  of  Electrical  Engineers,  vol.  30,  p.  1431). 


CHAPTER  XI 

THE  CONTROL  OF  THREE-PHASE  RAILWAY  MOTORS 

Oeneral.— The  methods  of  obtaining  a  range  of  speeds  from  polyphase 
railway  motors  have  been  considered  in  Chapter  VI.  These  methods 
may  be  summarised  as  follows:  (1)  rheostatic  control,  (2)  control  by 
changing  the  number  of  poles,  (3)  cascade  control,  (4)  combined  cascade 
and  pole-changing  control.  Generally,  rheostatic  control  is  required 
with  the  cascade  and  pole-changing  systems  for  the  purpose  of  regu- 
lating the  starting  torque  and  acceleration.  Hence,  in  the  majority  of 
cases,  a  rheostat  forms  part  of  the  control  equipment,  and  apparatus 
will  therefore  be  required  for  cutting  in  and  out  the  resistance  as  occa- 
sion demands.  The  cIms  of  apparatus  suitable  for  performing  the 
latter  function  will  depend  on  whether  or  not  the  locomotives  or  motor- 
coaches  are  to  be  operated  on  the  multiple-unit  system. 

In  the  selection  of  a  rheostat  for  a  polyi>hase  motor,  it  is  import- 
ant to  keep  in  view  the  effects  of  inductance  in  the  rotor  circuit  on  the 
performance  of  the  motor.  This  is  particularly  important  when  cascade 
control  is  to  be  adopted,  as  any  additional  inductance  in  the  secondary 
motor  will  adversely  affect  the  power-factor  and  overload  capacity  of 
the  combination. 

Grid  rheostats,  of  the  type  used  in  electric  railway  work,  are  not 
devoid  of  self-induction.  Tests  on  rheostats  of  this  type  have  shown 
that,  on  alternating-current  circuits  of  26  frequency,  there  is  a  phase- 
displacement  of  about  5  degrees  between  the  current  in  the  rheostat 
and  the  voltage  across  its  terminals. 

On  the  other  hand,  a  liquid  rheostat  may  possess  a  slight  capacity, 
which  will  tend  to  improve  the  power-factor  of  the  motor  with  which 
it  is  used.  Liquid  rheostats  are,  therefore,  preferable  to  grid  rheostats 
when  cascade  control  is  to  be  adopted. 

In  addition  to  the  non-inductive  property  of  a  liquid  rheostat,  this 
apparatus  has  the  advantage  that  the  resistance  can  be  cut  out  in  such 
a  manner  that  a  perfectly  uniform  Jx)rque  can  be  obtained  throughout 
the  period  of  rheostatic  acceleration. 

As  developed  at  the  present  time  for  locomotive  service,  the  liquid 
rheostat  is  automatic  in  its  action,  and  is  capable  of  dissipating  a  con- 
siderable amount  of  power  without  overheating,  while  the  controlling 
and  regulating  apparatus  can  readily  be  adapted  for  multiple  unit 
operation.  The  further  consideration  of  these  features,  however,  must 
be  deferred  until  the  general  methods  of  control  have  been  discussed. 

240 
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Bheostatic  Control. — The  rheostatic  method  of  control  is  the  simplest 
but  least  efficient  of  the  above  methods  for  regulating  the  speed  of 
polyphase  motors.  Only  one  economical  running  speed  can  be  obtained, 
and  approximately  one-half  of  the  energy  supplied  to  the  motors  during 
the  accelerating  period  is  wasted  in  the  rheostats.  This  method  of 
control  is  used  tor  the  light  locomotives  and  motor-cars  operating  on  the 
Swiss  mountain  railways,  and  it  is  also  used  for  the  100-ton  locomotives 
operating  on  the  Cascade  Tunnel  system  of  the  Great  Northern  Railway, 
U.S.A. 

The  control  equipments  on  the  Cascade  Tunnel  locomotives  are 
arranged  for  multiple-unit  operation,  while  those  on  the  locomotives 
and  motor-cars  operating  on  the  Swiss  mountain  railways  are  arranged 
for  direct  control  (».e.  single  operation).  In  these  (latter)  equipments 
the  controllers  do  not  present  any  special  features,  since  they  are  an 
adaptation  of  industrial  controUe^  for  polyphase  motors. 

For  the  purpose  of  comparison  with  the  multiple-imit  system,  de- 
scribed below,  we  give  in  I>^s.  207,  208  diagrams  of  the  connections 

and  development  of  three-phase  rheostatic  controllers  for  industrial 

service.  Fig.  207  refers  to  a  controller  suitable  for  a  reversible  motor 
of  moderate  size  and  voltage  (e.g.  200  H.P.  440  volts),  while  Fig.  208 
refers  to  a  controller  suitable  for  a  reversible  motor  of  high  voltage.  The 
controllers  differ  only  in  the  method  of  controlling  the  stator  circuits. 
Thus  in  Fig.  207  the  stator  circuits  are  controlled  by  segments  on  the 
main  cylinder,  while  in  Fig.  208  the  stator  circuits  are  separate  from 
the  main  cylinder,  and  are  connected  to  a  mechanically  operated  double- 
throw  triple-pole  oil-switch,  which  is  fixed  to  the  back  of  the  controller 
and  is  operated  by  a  cam  device  on  the  controller  shaft. 

Each  phase  of  the  rotor  rheostat  is  divided  into  four  sections,  and  the 
fourteen  controller  points  are  obtained  by  arranging  that  the  sections  of 
the  rheostat  are  cut  out  auccessivdy  from  each  phase.  An  unbalancing 
of  the  phases  will  therefore  occur  on  some  of  the  notehes,  but  this  is  not 
objectionable  if  the  rheostat  is  graded  so  that  a  minimum  of  unbalancing 
is  obtained  throughout.*  This  method  of  control  considerably  simpli- 
fies the  controller,  and  has  obvious  advantages  over  the  symmetrical, 
or  balanced,  method  of  control  (in  which  the  resistance  is  cut  out 
simultaneously  from  each  phase).  For  controllers  of  the  "  face-plate  " 
type,  however,  the  latter  method  is  more  convenient. 

It  is  apparent  that  for  multiple-unit  operation  the  rotor  portion  of 
the  cylinder  of  the  above  controllers  must  be  replaced  by  an  equivalent 
group  of  contacters. 

The  reversing,  in  the  case  of  low- voltage  motors,  must  be  performed 
by  means  of  either  a  group  of  contactors  or  an  electrically-operated 
reverser ;  but  with  high-voltage  motors  the  reverser  must  take  the  form 
of  a  self-contained  enclosed  switeh  of  either  the  oil-break  type  or  the 
enclosed  air-break  type  as  described  below  (see  Fig.  219). 

The  operating  coils  of  the  contactors  may  be  supplied  with  single- 
phase  current  t — obtained  from  an  auxiliary  transformer,  which  also 

*  An  unbalancing  up  to  40  per  cent,  in  the  relative  values  of  the  currents  in  the 
phases  of  a  three-phase  rotor  does  not  seriously  affect  the  operation  of  the  motor 
for  industrial  purposes.  In  control  equipments  for  electric  locomotives,  the  maximum 
permissible  unbalancing  is  governed  by  the  maximum  permissible  variations  in  the 
tractive-effort  when  the  locomotive  is  accelerating  its  maximum  load. 

t  Single-phase  contetctors  are  described  in  Chapter  X. 
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supplies  current  for  lighting — or  the  control  circuit  may  be  operated 
with  continuous  current,  which  may  be  obtained  from  accumulators 
or  a  motor-generator  set. 

With  the  rotor  circuit  connections  arranged  as  in  Fig.  208,  it  is 
apparent  that  fourteen  contactors  will  be  required  to  obtain  fourteen 
notches.  In  the  equipments  for  the  Cascade  Tunnel  locomotives,  how- 
ever, thirteen  notches  have  been  obtained  with  the  use  of  only  nine 
contactors  in  the  rotor  circuit,  the  sections  of  the  rheostats  being  ?  rranged 
for  series  and  parallel  groupings.  The  rotor-circuit  connexions  are 
shown  in  Fig.  209,  which,  with  the  chart  of  switch  operations,  is  self- 
explanatory. 

The  connections  and  development  of  a  suitable  master  controller 

to  perform  these  operations  are  shown  in  Fig.  210.  This  figure  also  shows 
the  connections  of  the  reverser  (which,  for  the  low-voltage  motors  on 
these  locomotives,  consists  of  five  contactors),  and  the  method  of  inter- 
locking the  contactors  and  reverser. 

Control  by  changing  the  number  of  poles.— This  method  of  control 

is  the  simplest  of  the  multi-speed  methods,  and  enables  two,  three,  or 
four  running  speeds  to  be  obtained  from  a  single  motor,  or  a  group  of 
motors  connected  in  parallel. 

The  multi-speed  methods  of  control  (viz.  the  pole-changing  and 
cascade  combinations)  can  be  considered  as  the  adaptation  (and  ex- 
tension) of  the  series-parallel  system  of  continuous-current  control  to 
pol3rphase  alternating-current  motors.  Thus  the  simple  rheostatic  and 
the  two-speed  changeable-pole,  or  cascade,  control  of  three-phase  motors 
correspond  respectively  to  the  rheostatic  and  series-parallel  control  of 
two  continuous-current  motors.  The  diagrams  given  in  Fig.  Ill  (p.  143), 
showing  the  losses  in  the  starting  rheostats  for  rheostatic  and  series- 
parallel  control,  will  also  represent  approximately  the  relative  losses 
in  the  rheostats  for  the  rheostatic  and  two-speed  control  of  alternating 
current  motors,  since,  in  changeable-pole  motors,  the  losses  in  the  rotor 
circuit,  corresponding  to  a  given  starting  torque,  are  inversely  propor- 
tional to  the  number  of  poles  (see  p.  110).  The  four-speed  changeable- 
pole  control,  however,  will  show  greater  economy  in  starting  than  the 
double  series-parallel  system  in  continuous-current  equipments,  as  in 
the  former  case  four  speeds  are  possible  (which  are  usually  in  the  ratio 
of  either  1  :  1-5  :  2  :  3,  or  1  :  1-33  :  2  :  2-66),  while  in  the  latter  case  only 
three  speeds  (in  the  ratio  of  1  :  2  :  4)  can  be  obtained. 

The  methods  of  obtaining  a  number  of  speeds  by  pole-changing 
windings  have  been  considered  in  Chapter  VI,  and  are  summarised  here 
for  convenience.  Thus  two  speeds  can  be  obtained  by  providing  each 
motor  with  either  two  separate  stator  windings  (each  wound  for  the 
required  number  of  poles)  or  a  single  pole-changing  winding  of  the  type 
shown  in  Fig.  8r(p.  106).  Three  speeds  can  te  obtained  by  providing 
two  stator  windings,  of  which  one  is  a  pole-changing  winding;  while 
four  speeds  are  possible  by  the  provision  of  two  pole-changing  windings 
on  the  stator  of  each  motor. 

The  three-  and  foiu'-speed  combinations,  however,  are  only  practic- 
able if  each  motor  has  a  squirrel-cage  rotor,  as,  with  the  standard  method 
of  connecting  the  stator  windings  of  changeable-pole  railway  motors 
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(see  Fig.  81,  p.  106),  two  rotor  windings  with  the  necessary  slip-rings 
are  required  for  each  pole-changing  winding  on  the  stator. 

In  each  case  the  regulation  of  the  torque  and  speed  during  starting 
and  acceleration  must  be  performed  by  rheostatic  control,  or,  in  the 
case  of  machines  with  squirrel-cage  rotors,  by  the  variation  of  the  vol- 
tage applied  to  the  stator. 

The  type  of  rheostat  for  locomotives  requires  careful  consideration, 
as  the  maximum  variation  of  the  tractive-effort  during  the  accelerating 
period  must  be  limited  to  such  values  that  slipping  of  the  driving  wheels 
cannot  occur  when  the  locomotive  is  accelerating  its  maximum  load.  If 
grid  rheostats  are  adopted,  it  is  apparent  that  the  grading  of  the  resist- 
ance will  be  different  for  each  rotor  winding.  Hence  either  duplicate 
rheostats,  suitably  graded  for  each  rotor  winding,  or  a  single  rheostat, 
with  two  groups  of  contactors,  will  be  required. 

When  multiple-unit  operation  of  the  locomotives  is  not  required,  the 
provision  of  duplicate  rheostats  of  the  face-plate  type  forms  the  simplest 
solution ;  but  for  multiple-unit  operation  it  will  be  necessary  to  provide 
contactors,  and  under  these  conditions  the  adoption  of  grid  rheostats 
involves  considerable  complication  of  the  control  circuit.  An  automatic 
liquid  rheostat,  however,  will  provide  the  correct  grading  for  both  of 
the  rotor  windings.  This  type  of  rheostat,  therefore,  possesses  con- 
siderable advantages  over  grid  rheostats  for  multiple-unit  operation  with 
changeable-pole  motors. 

With  motors  having  squirrel-cage  rotors  the  control  of  the  torque 
durinjT  starting  must  be  accomplished  by  the  variation  of  the  voltage 
appli^  to  the  motor,  for  which  purpose  auto-transformers  with  multiple 
tappings  are  suitable.  The  tappings  may  be  successively  connected  to 
the  stator  winding  by  means  of  either  a  drum  type  controller  or  a  group 
of  contactors,  the  latter  method  being  suitable  when  multiple-unit 
operation  is  required.  In  order  to  avoid  short-circuiting  the  sections 
of  the  transformer  winding,  the  transition  from  one  tapping  to  the  next 
may  be  made  through  either  a  preventive  coil  or  a  preventive  resistance. 
The  principles  of  tlus  method  of  voltage  control  have  been  discussed  in 
detail  in  Chapter  X,  in  connection  with  the  control  of  single-phase 
motors,  and  the  only  differences  between  the  present  case  and  that 
discussed  in  Chapter  X  are :  (1)  The  supply  is  polyphase  instead  of 
single-phase ;  (2)  the  motors  are  wound  for  the  line  voltage ;  (3)  the 
transformers  are  only  used  for  starting  purposes. 

Since  the  lowest  voltage  required  from  the  transformers  is  of  the 
order  of  one-third  the  line  voltage,  an  auto-transformer  wiU  offer  several 
advantages  over  a  transformer  with  separate  windings.  On  three- 
phase  circuits,  two  auto-transformers,  connected  in  *' V"  (open-delta), 
can  be  used — ^instead  of  three  transformers  connected  in  star  or  delta — 
without  unbalancing  th6  system.  Moreover,  the  V-connected  auto- 
transformers  only  require  two  controllers  (or  groups  of  contactors)  for 
each  motor  (or  group  of  motors)  supplied  from  the  transformer. 

As  an  example  of  the  method  of  operation  of  the  control  api)a- 

ratas  for  changeable-pole  motors,  we  will  consider  a  four-speed  equip- 
ment in  which  tKe  motors  have  two  stator  windings  (to  give  16/8  and  12/6 
poles)  and  squirrel-cage  rotors.    The  control  of  the  torque  during  start- 
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(see  Fig.  81,  p.  106),  two  rotor  windings  with  the  necessary  slip-rings 
are  required  for  each  pole-changing  winding  on  the  stator. 

In  each  case  the  regulation  of  the  torque  and  speed  during  starting 
and  acceleration  must  be  performed  by  rheostatic  control,  or,  in  the 
case  of  machines  with  squirrel-cage  rotors,  by  the  variation  of  the  vol- 
tage applied  to  the  stator. 

The  tyi>e  of  rheostat  for  locomotives  requires  careful  consideration, 
as  the  maximum  variation  of  the  tractive-effort  during  the  accelerating 
period  must  be  limited  to  such  values  that  slipping  of  the  driving  wheels 
cannot  occur  when  the  locomotive  is  accelerating  its  maximum  load.  If 
grid  rheostats  are  adopted,  it  is  apparent  that  the  grading  of  the  resist- 
ance will  be  different  for  each  rotor  winding.  Hence  either  duplicate 
rheostats,  suitably  graded  for  each  rotor  winding,  or  a  single  rheostat, 
with  two  groups  of  contactors,  will  be  required. 

When  multiple-unit  operation  of  the  locomotives  is  not  required,  the 
provision  of  duplicate  rheostats  of  the  face-plate  type  forms  the  simplest 
solution ;  but  for  multiple-unit  operation  it  will  be  necessary  to  provide 
contactors,  and  under  these  conditions  the  adoption  of  grid  rheostats 
involves  considerable  complication  of  the  control  circuit.  An  automatic 
liquid  rheostat,  however,  wiU  provide  the  correct  grading  for  both  of 
the  rotor  windings.  This  type  of  rheostat,  therefore,  possesses  con- 
siderable advantages  over  grid  rheostats  for  multiple-unit  operation  with 
changeable-pole  motors. 

With  motors  having  squirrel-cage  rotors  the  control  of  the  torque 
durinff  starting  must  be  accomplished  by  the  variation  of  the  voltage 
apphed  to  the  motor,  for  which  purpose  auto-transformers  with  multiple 
tappings  are  suitable.  The  tappings  may  be  successively  connected  to 
the  stator  winding  by  means  of  either  a  (frum  type  controller  or  a  group 
of  contactors,  the  latter  method  being  suitable  when  multiple-unit 
operation  is  required.  In  order  to  avoid  short-circuiting  the  sections 
of  the  transformer  winding,  the  transition  from  one  tapping  to  the  next 
may  be  made  through  either  a  preventive  coil  or  a  preventive  resistance. 
The  principles  of  this  method  of  voltage  control  have  been  discussed  in 
detail  in  Chapter  X,  in  connection  with  the  control  of  single-phase 
motors,  and  the  only  differences  between  the  present  case  and  that 
discussed  in  Chapter  X  are :  (1)  The  supply  is  polyphase  instead  of 
single-phase ;  (2)  the  motors  are  wound  for  the  fine  voltage ;  (3)  the 
transformers  are  only  used  for  starting  purposes. 

Since  the  lowest  voltage  required  from  the  transformers  is  of  the 
order  of  one-third  the  line  voltage,  an  auto-transformer  will  offer  several 
advantages  over  a  transformer  with  separate  windings.  On  three- 
phase  circuits,  two  auto-transformers,  connected  in  *' V"  (open-delta), 
can  be  used — ^instead  of  three  transformers  connected  in  star  or  delta — 
without  unbalancing  th6  system.  Moreover,  the  V-connected  auto- 
tranirformers  only  require  two  controllers  (or  groups  of  contactors)  for 
each  motor  (or  group  of  motors)  supplied  from  the  transformer. 

As  an  example  of  the  method  of  operation  of  the  control  api)a- 

ratOS  for  changeable-pole  motors,  we  will  consider  a  four-speed  equip- 
ment in  which  tKe  motors  have  two  stator  windings  (to  give  16/8  and  12/6 
poles)  and  squirrel-cage  rotors.    The  control  of  the  torque  during  start- 
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ing  is  effected  by  variation  of  the  voltage  applied  to  the  motoiv,  for 
which  purpose  auto-transformers  with  controllers  are  used. 

The  sequence  of  the  control  operations,  in  accelerating  from  stand- 
still to  full  speed,  is  as  follows : — 

(1)  The  reverser  is  set  for  the  required  direction  of  motion,  and  both 
pole-changing  switches  are  closed  to  give  the  full  number  of  poles  for 
ea*ch  winding. 

(2)  The  motors  are  started  on  the  lowest  voltage  of  the  auto-trans- 
formers, and  the  voltage  is  raised  until  the  motors  are  operating  with 
full  voltage ;  the  pole-changing  switch  for  the  16-pole  winding  is  then 

opened,  'thereby  allowing  the 
speed  to  rise  to  approximately 
the  synchronous  speed  corre- 
sponding to  12  poles. 

(3)  Next,  the  voltage  is  re- 
duced, the  8-pole  winding  is 
connected  in  parallel  with  the 
12-pole  winding,  and  the  voltage 
increased  again,  when  the  1 2-pole 
winding  is  opened. 

(4)  The  voltage  is  again  re- 
duced, the  6-pole  winding  is 
connected  in  parallel  with  the 
8-pole  winding,  the  voltage  is 
raised  to  normal  and  the  8-pole 
winding  is  opened,  thereby  allow- 
ing full  speed  to  be  reached. 

Cascade  Gontrol.— The  cas- 
cade system  of  control  requires 
two  motors,  of  which  at  least 
one  must  be  provided  with  a 
wound  rotor  and  slip-rings  ;  but 
for  railway  purposes  it  is  the 
practice  to  provide  both  motors 
with  slip-rings. 

At    starting,   and    for    low 

speeds,  the  motors  are  connected 

in  cascade — i.e.  the   secondary 

motor  is  supplied  from  the  rotor 

of  the  primary  motor  (see  Fig.  78,  p.  103) — ^while,  for  higher  speeds, 

the  secondary  motor  is  either  disconnected,  and  the  primary  motor 

operated  alone,  or  both  motors  are  operated  in  parallel. 

The  cascade  system,  as  at  present  developed,  is  capable  of  several 
variations.    Thus : — 

(1)  For  two  speeds,  the  primary  and  secondary  motors  are  usually 
wound  for  the  same  number  of  poles,  and  the  secondary  motor  may,  or 
may  not,  be  arranged  for  operating  in  parallel  with  the  primary  motor. 

(2)  For  three  speeds,  the  primary  and  secondary  motors  mutt  be 
wound  for  \  nlike  numbers  of  poles,  and  each  motor  must  be  capable  of 
operating  at  the  full  line  voltage. 

(3)  For  four  speeds,   two  alternative   schemes  are  available,  viz. 


Fig.  211. — Connections  and  Development 
cf  Charge- ever  Switch  for  Cascade- 
sir  gle  Control. 
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(a)  the  addition  of  a  pole-changing  winding  to  one  of  the  motors  of  the 
three-speed  combination  ;  (b)  the  addition  of  pole-changing  windings  to 
both  motors  of  the  two-speed  combination. 

These  variations  of  the  cascade  system  may  be  designated  respectively 
as  (1)  two-speed  cascade-single  control,  (la)  two-speed  cascade-parallel 
control,  (2)  three-speed  cascade-single  control,  (3a)  four-speed  cascade- 
single  pole-changing  cdntroL 


1 

«3 


(36)  four-speed  cascade-par 
allel  pole-changing  control. 

Two-speed  Gascade-siogle 

Gontrol. — A  diagram  show- 
ing the  combinations  of  the 
motors  and  rheostat  for  this 
method  of  control  is  given  in 
Fig.  78  (Chapter  VI,  p.  103). 
These  combinations  may  be 
conveniently  made  by  means 
of  a  change-over  switch,  which 
is  operated,  electrically  or 
pneumatically,  from  the  mas- 
ter controller.  The  connec- 
tions and  development  of  a 
suitable  drum-type  change- 
over switch  are  given  in  Fig. 
211. 

When  double  motors  are 
adopted,  the  rotor  windings 
of  the  primary  and  secondary 
motors  are  usually  connected 
together,  and  the  stator  wind- 
ing of  the  secondary  motor  is 
connected  to  Ihe  rheostat 
during  cascade  working ;  this 
arrangement  requiring  only 
one  set  of  slip-rings  for  each 
double  motor. 

In  accelerating  from  stand- 
still to  full  speed  the  master 
controller  must  perform  the 
following  functions : — 

(1)  &t  reverser  for  the  desired  direction  of  motion. 

(2)  Set  chemge-over  switch  for  cascade  operation ;    connect  stator 

winding  of  primary  motor  to  supply. 

(3)  Cut  out  resistance  until  the  rheostat  is  short-circuited.    (The  speed 

will  then  be  approximately  equal  to  the  cascade-synchronous 
speed  of  the  motors.) 

(4)  Interrupt  the  stator  circuit  of  the  primary  motor ;  set  change-over 

switch  for  single  operation ;  insert  full  resistance  in  the  rheostat ; 
reconnect  stator  winding  of  primary  motor  to  supply. 

(5)  Cut  out  resistance  until  the  rheostat  is  short-circuited. 

Two-speed  Gascade-parallel  GontroL—- In  this  case  the  secondary 

motor  must  be  capable  of  operating  in  parallel  with  the  primary  motor. 


Fio.  212. — Conneotions  and  Development  of 
Change- over  Switch  for  Cascade-parallel 
Control.  NOTIB. — The  primary  and  secon- 
dary motors  are  considered  to  be  wound  for 
a  1 : 1  ratio  of  transformation.  If  ratio  of 
transformation  is  greater  than  unity,  a  re- 
grouping switch  (Fig.  213)  is  required  for 
the  secondary  motor. 


248'  ELECTRIC  TRACTION 

ObviouBly,  this  will  be  possible  if  both  motors  are  designed  for  a  1:1 
ratio  of  transformation.  With  high  voltage  motors,  however,  the  ratio 
of  trai^ormation  must  be  greater  than  unity.  Hence,  if  the  secondary 
motor  is  designed  for  a  1  :  1  ratio  of  transformation,  it  will  have  to  be 
supplied  from  a  transformer  when  operating  in  parallel  with  the  primary 
motor.  But  if  the  secondary  motor  is  designed  for  the  same  ratio  of 
transformation  as  the  primary  motor,  then,  by  suitably  selecting  the 
ratio  of  transformation  in  relation  to  the  number  of  poles,  it  is  possible 
to  regroup  the  stator  unTiding  of  the  secondary  motor  for  a  1 : 1  ratio  of 
transformation.  Under  these  circumstances  cascade-parallel  control  can 
be  adopted  without  the  use  of  an  auxiliary  transformer. 

The  switch  for  regroupiiig  the  stator  winding  is  usually  of  the  drum 


* 


I     H 
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type  and  is  mounted  on  the  frame  of  the  motor.  With  the  exception  of 
this  regrouping  switch  and  the  means  for  energising  it  from  the  master 
ControUer,  the  control  apparatus  is  practically  identical  with  that  for 
cascade  -  single  control.  The  change-over  switch,  however,  is  not  of 
identical  construction  in  the  two  cases.  A  diagram  of  the  connections 
and  development  of  a  suitable  drum-type  change-over  switch  is  given  in 
Fig.  212,  which  should  be  compared  with  Fig.  211. 

The  functions  to  be  performed  by  the  master  controller  in  accelerating 
from  standstill  to  full  speed  are  as  follows  : — 

(1)  Set  reverser  for  the  desired  direction  of  motion, 

(2)  Set  change-over  and  regrouping  switches  on  secondary  motor 

for  cascade  operation ;  connect  stator  winding  of  primary  motor 
to  supply. 

(3)  Cut  out  resistance  until  the  rheostat  is  short-circuited. 
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(4)  Interrupt  the  stator  circuit  of  primary  motor ;  set  change-over 

and  regrouping  switches  for  parallel  operation ;  insert  full 
resistance  in  the  rheostat ;  reconnect  stator  winding  of  primary 
motor  (together  with  that  of  secondary  motor)  to  the  supply. 

(5)  Cut  out  resistance  until  the  rheostat  is  short-circuited. 

Three-Speed  Oascade-single  OontroL — In  this  method  the  primary 
and  secondary  motors  are  wound  for  unequal  numbers  of  poles,  and  are 
operated  singly  and  in  cascade. 


I  I 


The  stator  winding  of  the  secondary  motor  will  generally  require  to 
be  anbdirided  and  connected  to  a  regrouping  switch  in  order  to  obtain 
the  correct  ratio  of  transformation  for  cascade  operation. 

In  Fig.  213  are  given  the  connections  and  development  of  a  suitable 
switch,  oif  the  drum  type,  for  regrouping  the  windings  of  a  12-pole  motor. 
Each  phase  of  the  stator  winding  consists  of  six  groups  of  coils — one 
group  per  pair  of  poles.  For  cascade  working  these  coils  are  connected 
m  three  parallel  sets  (each  set  comprising  two  groups  of  coils  in  series) 
and  the  phases  connected  in  A ;  while  for  parallel  operation  the  coils 
u«  connected  in  series  and  the  phases  connected  in  Btar. 

The  change-over  switch  must  have  three  positions,  viz. : — 

(1)  Loweet  speed  (cascade),  in  which  the  rotor  of  the  primary  motor 
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is  connected  to  the  regrouped  stator  winding  of  the  secondary  motor, 
and  the  rotor  winding  of  this  motor  is  connected  to  the  rheostat. 

(2)  Intermediate  speed,  in  which  the  rotor  of  the  primary  motor  is 
disconnected  from  the  secondary  motor  and  the  latter  arranged  for  con- 
necting to  the  supply. 

(3)  Full  speed,  in  which  the  rheostat  is  connected  to  the  rotor  winding 
of  the  primary  motor  and  the  secondary  motor  is  disconnected  from 
the  supply  and  the  rheostat. 

The  connections  and  development  of  a  suitable  drum-tjrpe  change- 
over switch  are  indicated  in  Fig.  214. 

Assuming,  as  above,  the  secondary  motor  to  have  a  larger  number  of 
poles  than  the  primary  motor,  the  following  functions  must  be  performed 
by  the  master  controller  in  accelerating  from  standstill  to  full  speed  : — 

(1)  Set  reverser  for  the  desired  direction  of  motion. 

(2)  Set  regrouping  switch  on  secondary  motor  for  cascade  working 
and  change-over  switch  to  cascade  position ;  connect  stator  winding 
of  primary  motor  to  supply. 

(3)  Cut  out  resistance  until  the  rheostat  is  short-circuited. 

[This  will  give  the  lowest  economical  running  speed,  which  in  this 
case  corresponds  approximately  to  the  cascade-synchronous  speed  of 
the  combination.] 

(4)  Interrupt  stator  circuit  of  primary  motor ;  set  change-over 
switch  to  intermediate  position  and  regrouping  switch  for  full  voltage ; 
insert  full  resistance  in  rheostat ;  connect  stator  winding  of  secondary 
motor  to  supply. 

(6)  Cut  out  resistance  until  the  rheostat  is  short-circuited. 
[This  will  give  the  intermediate  running  speed,  which  corresponds 
approximately  to  the  synchronous  speed  of  the  secondary  motor.] 

(6)  Interrupt  stator  circuit  of  secondary  motor ;  set  change-over 
switch  to  position  for  full  speed  ;  reconnect  stator  winding  of  primary 
motor  to  supply. 

(7)  Cut  out  resistance  until  the  rheostat  is  short-circuited.  [This 
will  give  the  highest  running  speed.] 

Gombined  cascade  and  pole-changing  control  (four-speed  cascade- 
parallel  control).  In  this  method  of  control  the  primary  and  secondary 
motors  are  each  wound  for  the  same  number  of  poles,  but  the  windings 
are  arranged  so  that  the  number  of  poles  can  be  changed.  If  the  poles 
are  changed  in  the  ratio  of  2:1,  the  speeds  obtainable  will  be  in  the 
ratio  of  1:2:3:4.  This  variation  of  speed  is  too  great  for  general 
railway  service,  and  a  maximum  variation  of  1  :  3  is  generally  sufficient 
for  all  conditions  of  passenger  service. 

Hence  it  will  be  necessary  to  change  the  poles  in  the  ratio  of  either 
1-33 :  I  (».€.  8:6)  or  1-5:1,  so  that  the  four  speeds  obtainable  are  in 
the  ratio  of  1  :  1-33  :  2  : 2-66,  or  1:1-5:2:3  respectively.  To  meet 
these  conditions  it  will  be  necessary  to  provide  either — 

{a)  Two  complete  windings  (each  wound  for  the  required  number 
of  poles)  on  the  stator  and  rotor,  or 

(h)  A  single  pole-changing  winding  on  the  stator  in  conjunction  with 
either  two  rotor  windings  (designed  for  the  required  number  of  poles  and 
phases),  or  a  specially  connected  single  rotor  winding  with  a  double  set 
of  slip-rings. 

In  the  first  case  (a)  both  of  the  stator  windings  on  the  secondary 
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motor  will  require  regrouping  switches  for  cascade  operation,  while, 
in  the  second  case  (6),  a  regrouping  switeh,  in  addition  to  a  pole-changing 
switch,  will  be  required  for  the  secondary  motor. 

In  connection  with  the  second  case  (b),  the  simplest  pole-changing 
winding  available  for  the  above  conditions  is  one  in  which  the  poles  are 
changed  in  the  ratio  of  8  : 6  (i.e.  1-33 :  1),  but  when  the  winding  is  re- 
connected for  the  smaller  number  of  poles  it  becomes  a  two-phase  winding 
(see  Fig.  83,  p.  108).  Hence,  in  order  to  render  cascade  control  pos- 
sible, the  corresponding  rotor  winding  must  be  of  the  two-phase  variety. 
It  is  shown  in  Chapter  VI  (p.  112)  that  a  single  rotor  winding  can  be 
arranged  to  form  either  an  8-pole  three-phase  winding  or  a  6-pole 
two-phase  winding,  without  the  change  of  any  connections.  Separate 
slip-rings,  of  course,  are  required  for  the  three-phase  and  two-phase 
circuits. 

The  rheostat  must  be  suitable  for  either  the  three-phase  or  the  twor 


St!p  rings 

Fig.  216. — Connections  of  Rheostat  Electrodes  to  Slip-rings  for 
Three-phase  and  Two-phase  Operation  with  Rotor  Winding 
of  Fig.  84. 


phase  rotor  circuits.  A  single  liquid  rheostat  with  seven  main  electrodes 
connected  to  the  slip-rings,  as  in  Fig.  215,  will  satisfy  this  condition, 
provided  that  the  rotor  winding  is  connected  in  accordance  with  the 
scheme  of  Fig.  84  (p.  111).  A  reference  to  this  diagram  will  show  that 
when  tbe  motor  is  operating  with  three-phase  current  (t.c.  8  poles), 
there  wm  be  no  potential  difference  between  the  two-phase  slip-rings — 
since  these  are  connected  to  the  four  neutral  points  of  the  winding 
— while,  with  two-phase  operation  (i.e,  6  poles),  all  the  three-phase  slip- 
rings  will  be  at  the  same  potential. 

The  two-phase  current  for  supplying  the  stators  of  the  motors  can 
be  obtained  from  the  three-phase  supply  by  means  of  two  auto-trans- 
formers, connected  according  to  the  Scott  (or  **  T  ")  system,  as  indicated 
in  Fig.  216.  With  this  method  of  connection  the  transformers  need  only 
be  of  relatively  small  capacity,  since  the  largest  portion  of  the  input 
to  the  motor  is  supplied  directly  from  the  supply  lines.  A  reference  to 
Chapter  VI  (p.  113)  will  show  that,  if  the  stator  winding  is  star-connected 
for  three-phase  working,  and  the  full  line  voltage  is  used  for  two-phase 
operation,  the  flux  in  the  latter  case  will  be  about  34  per  cent,  greater 
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than  that  in  the  former  case.    The  normal  flux,  however,  can  readily  be 
obtained  by  means  of  tappings  on  the  auto-transformei^. 

Reverting  to  the  circuit  diagram  of  Fig.  216,  phase  I  of  the  motor 
is  connected  across  the  lines  B,  (7,  or,  if  normal  flux  is  required  in  the 
motor,  to  tappings  Ey  F  (giving  75  per  cent,  of  the  line  voltage)  on  the 
auto-transformer  7^1 ;  while  phase  II  is  supplied  through  auto-transformer 
T^,  which  is  connected  to  the  line  A  and  to  the  centre  point  of  trans- 
former Tj. 

To  obtain  equal  voltages  on  each  phase  of  the  motor,  each  trans- 
former must  have  the  same  number  of  turns.  The  turns  on  transformer 
T^y  between  the  tapping  (J) — ^to  which  the  centre  of  transformer  T^  is 
connected — and  the  end  (D)  of  the  winding  must  be  0-866  (=\y/^)  of 

the  turns  on  tratisformer  T-^,  while 

Q  ^      the  turns  between  tapping  O  and 

*T^      ^T      T"^      the  end  D  must  be  0-75  of  the 

turns  on  transformer  T^  (».e.  the 
same  as  the  turns  between  tap- 
pings E  and  J^). 

The  switches  required  to  eflFect 
the  various  combinations  between 
the  motors,  the  rheostat,  and  the 
auto-transformers  for  this  method 
of  four-speed  cascade  -  parallel 
control  (in  which  the  speeds  are 
in  the  ratio  of  1  : 1-33  :  2  :  2-66) 
will  therefore  include  the  follow- 
ing :— 

Pole-changing  switches  for 
primary  and  secondary 
motors. 
Switches    for     connecting 
the   auto  -  transformers 
to   the    lines    and    the 
motors. 
Regrouping  switch  for  sec- 
ondary motor. 
Change-over  switch. 
The  change-over  switch  will  require  to  have  four  positions,  the 
combinations  for  each  position  being  as  follows  :— 

(a)  S-pole  cascade — three-phase  slip-rings  of    primary   motor  con- 

nected to  regrouping  switch  of  secondary  motor ;  three-phase 
slip-rings  of  secondary  motor  connected  to  rheostat. 

(b)  S-pde  parallel — stator  winding  of  secondary  motor  connected  in 

parallel  with  stator  winding  of  primary  motor ;  three-pha.se 
slip-rings  of  primary  motor  connected  in  parallel  with  those  of 
secondary  motor. 

(c)  6-pole    cascade — ^two-phase    slip-rings    of    primary    motor    con- 

nected to  regrouping  switch  of  secondary  motor ;  two-phase 
slip-rings  of  secondary  motor  connected  to  rheostat. 

(d)  6'pole  parallel — ^stator  winding  of  secondary  motor  connected  in 

parallel  with  stator  winding  of  primary  motor ;  two-phase 
slip-rings  of  primary  motor  connected  in  parallel  with  those  of 
secondary  motor. 


•  -  -  Tifo  "phase    (Ph^sm  /)  -  -  ^ 
♦-V-^^ y , 

A      B       Three-phsi^  Supply         c 

Fio.  216. — Connections  of  Three- phase/Two- 
phase  Auto-transformers. 
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It  is  possible,  however,  to  combine  the  change-over  switch  \*ith  the 
regrouping  and  the  pole-changing  switches  of  the  secondary  motor, 
thereby  considerably  simplifying  the  control  apparatus.  The  switches 
for  connecting  the  auto-transformers  in  circuit  may  be  combined  in  a 
similar  manner  with  the  pole-changing  switch  of  the  primary  motor. 

For  example,  in  the  2600-H.P.  express  passenger  locomotives  built 
by  the  Society  Italiana  Westinghouse  for  the  Italian  State  Railways 
(see  Chapter  XVII,  p.  398) — ^where  the  above  method  of  control  is  adopted 
— ^the  whole  of  the  combinations  for  the  secondary  motor  are  performed 
by  two  drum-type  controllers,  the  shafts  of  which  are  geared  together 
and  operated  from  a  pair  of  double-acting  pneumatic  cylinders  (see 
Fig.  88,  p.  115). 

Thus,  although  there  are  a  large  number  of  connections  to  be  made, 
the  master  controller  and  the  control  circuit  connections  are  quite 
simple. 

Typical  Control  Apparatus  for  Multi-speed  Methods 

OF  Control 

Control  apparatus  for  multi-speed  three-phase  equipments  has  been 
developed  almost  exclusively  for  use  on  electric  locomotives.  Not- 
withstanding the  apparent  complexity  of  the  combinations  to  be  effected 
by  this  apparatus  in  some  of  the  muiti-speed  methods  of  control  (e.gr. 
the  two-speed  and  four-speed  cascade-parallel  methods),  the  control 
equipment  of  many  three-phase  locomotives  is  characterised  by  its 
general  simplicity  and  the  small  number  of  parts. 

This  simplification  of  the  control  equipment  is  obtained  by  the  adop- 
tion of  hieh-voltage  motors  and  automatic  liquid  rheostats,  together  with 
the  use  of  compressed  air  for  performing  the  principal  operations  of  the 
control  apparatus. 

Therefore  no  switches  are  required  to  break  heavy  currents,  and  by 
confining  the  interruption  of  the  main  primary  circuits  to  the  reverser, 
the  pole-changing,  change-over,  and  regrouping  switches  have  to  be 
designed  with  reference  to  current-carrying  capacity  and  insulation  only. 
Consequently  these  latter  switches  may  be  of  the  controller  or  drum  type,* 
which  type  of  switch,  for  high-voltage  equipments,  has  obvious  ad- 
vantages over  a  number  of  separate  contactors. 

Of  course,  with  low-voltage  motors — supplied  from  a  phase-converter 
or  transformer — some  of  the  above  switches  {e.g,  the  reverser)  wiU  be 
required  to  break  heavy  currents,  for  which  purpose  contactors  would 
be  desirable.  The  pole-changing,  change-over,  and  regrouping  switches, 
however,  mayxbe  of  the  controller  type.f 

Automatic  Idquid  Rheostat. — The  most  interesting  portion  of  the 
control  equipment  is  the  automatic  liquid  rheostat.  The  liquid  rheostat 
was  first  applied  to  railway  purposes  (in  about  1901)  by  Ganz  &  Co*,  in 
connection  with  the  equipment  of  the  Valtellina  line  of  the  Italian  State 
Bailways4    The  experience  obtained  on  this  line  proved  that  a  liquid 

*  With  a  line  voltage  of  3000  volts,  the  full  load  current  of  a  1000-H.P.  three- 
phase  railway  motor  is  approidmately  160  amperes.  This  current  can  be  carried 
continuoiisly  by  a  controUer  finger  and  segment  1|  in.  wide. 

t  Refer  to  Fig.  187,  p.  218,  for  an  example  of  a  controller  of  large  current- 
carrying  capacity. 

f  See  The  Eleclrician^  vol.  51,  p.  19,  for  a  description  of  the  original  equipment 
on  this  line. 
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rheostat  possesses  several  advantages  for  the  control  of  three-phase 
motors  on  the  cascade  system.  Improvements  have  been  introduced 
into  later  rheostats  by  Ganz  &  Co.  and  the  Societi  Italiana  Westinghouse, 
so  that  at  the  present  day  the  liquid  rheostat  hafi  a  wide  apfdication 
for  three-phase  locomotives. 

The  general  features  of  liquid  rheostats  for  three-phase  railway 
motors  are  ;-- 

A  number  of  electrodes,  of  iron  plate,  are  suspended  in  the  upper 
part  of  a  tank  into  which  a,  solution  of  carbonate  of  soda  can  be  ad- 


mitted from  a  storage  tank  (at  a  lower  level)  by  means  of  compressed  exc 
which  is  supplied  to  the  latter  tank  through  suitable  values.  The  rate 
at  which  the  liquid  rises  between  the  electrodes  (and  therefore  the  rate 
at  which  the  resistance  is  cut  out)  is  governed  by  the  air  pressure  in 
the'storage  tank,  which  pressure  is  regulated  by  a  valve  or  combination 
of  valves  operated  by  the  motor  current.  When  the  liquid  has  risen 
to  a  certain  height,  the  electrodes  are  automatically  short-circuited  by 
a  special  switch.  In  the  more  recent  rheostats,  provision  is  made  for 
an  efficient  circulation  and  cooUng  of  the  liquid  in  order  to  reduce  evapora- 
tion. Kheostats  of  this  type  have  been  standardised  for  all  locomotive 
equipments  on  the  Italian  State  Railways,  and  have  recently  been 
adopted  by  the  Westinghouse  Co.  for  controlling  the  three-phase  motors 
on  the  Norfolk  and  Western  spht-phase  locomotives,  notwithstanding 
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that  the  grid  type  of  rheostat  is  the  accepted  standard  for  all  railway 
and  industrial  purposes  in  America. 

The  latest  type  of  rheostat  constructed  by  the  SocietJi  Italiana 
Westinglioase  tor  the  express  passenger  locomotives  (type  F.S.  330, 
class  2-6-2)  of  the  Italian  State  Railways  ja  illustrated  in  Fig.  217, 
while  Fig,  218  illustrates  the  type  of  rheostat  which  has  been  developed 
by  the  Westinghouse  Co.  for  the  Norfolk  and  Western  locomotives. 

Referring  to  Fig,  217,  the  upper  portion  of  the  corrugated  tank  A 
contains  the  electrodes  (the  terminals  of  which  sre  visible  in  the  illus- 


b'la.  3)8. — WeBtinghouBe  Liqvdd  Rheostat  for  Threo-phaae  Locomotive. 

tration),  while  the  lower  portion  of  the  tank  forms  the  reaervoir  for 
a  solution  of  sodium  carbonate.*  This  portion  of  the  tank  communicates, 
by  means  of  the  pipe  B,  with  the  pneumatic  head-piece  C,  which  con- 
tains the  valves  for  controlling  the  supply  of  compressed  air  to  the 
pipe  B  and  the  reservoir.  The  valves  performing  this  function  are  two 
m  number,  one  for  admission  and  one  for  exhaust,  and  are  of  the  pneu- 
matic-relay type.  They  are  controlled  by  means  of  electrically -operated 
pilot  valves,  which  are  energised  from  an  automatic  regulator,  to  be 
referred  to  later.  These  pilot  valves,  of  which  two  are  visible  in  Fig. 
217,  are  of  the  standard  Westinghouse  type. 

When  the  liquid  rises  in  the  electrode  chamber  to  a  predetermined 
height,  the  electrodes  are  automatically  Hhort- circuited  by  the  switch  J). 
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This  switch  is  operated  by  compressed  air,  and  the  valve  controlling  it 
is  actuated  by  a  float  in  the  electrode  chamber.  At  the  same  time  as 
the  electrodes  are  short-circuited,  two  other  switches  are  operated. 
One  of  these  switches  controls  a  signal  lamp  in  the  driving  compart- 
ment of  the  locomotive — thereby  indicating  to  the  driver  that  the 
rheostat  is  short-circuited — ^while  the  other  switch  opens  the  circuit  of 
the  motor  driving  the  circulating  pump. 

When  the  rheostat  is  in  operation,  a  centrifugal  pump — ^located  in 
the  reservoir — ^maintains  an  efficient  circulation  of  the  liquid  between 
the  reservoir  and  the  electrode-chamber,  thereby  preventing  local  heat- 
ing and  evaporation  of  the  liquid.  The  pump  is  driven  by  a  three-phase 
induction  motor  E  (with  squirrel-cage  rotor),  which  is  automatically 
controlled  by  a  switch  F,  so  that  the  motor  is  only  in  operation  while 
power  is  being  absorbed  in  the  rheostat. 

The  automatic  regidator  (which  is  shown  at  (r  in  Fig.  217)  is  designed 
to  regulate  the  resistance  of  the  rheostat  for  a  constant  watt-input  to  the 
motors*  In  construction,  the  regulator  is  similar  to  a  small  two-pole 
induction  regulator ;  the  stator  consists  of  a  laminated  core,  with  a 
two-pole  winding  connected  in  series  with  the  earthed  phase  of  the 
motors  ;  the  rotor  consists  of  a  double  T-shaped  laminated  core,  with  a 
shunt  winding  excited  from  the  transformer  supplying  the  control 
circuits.  The  torque  between  the  stator  and  rotor  is,  approximately, 
proportional  to  the  watts  input  to  the  motors  and  is  balanced  by  a 
spring,  the  tension  of  which  can  be  regulated  by  the  driver  (from  the 
master  controller)  so  as  to  predetermine  the  power  input  to  the  loco- 
motive. 

The  motion  of  the  rotor  is  restricted  between  two  stops,  adjacent  to 
which  are  contacts  connected  in  series  with  the  magnet  coils  of  the 
pilot  valves  which  control  the  admission  of  air  to  the  reservoir  tank. 

In  starting,  the  driver  applies  a  tension  to  the  spring — ^by  means  of 
a  handle  on  the  master  controller — which  rotates  the  rotor  so  as  to 
energise  the  pilot  valve  admitting  air  to  the  reservoir.  The  liquid  then 
rises  in  the  electrode  chamber,  thereby  increasing  the  electrical  input 
to  the  motors  and,  consequently,  the  torque  between  the  stator  and 
rotor  of  the  regulator.  When  this  torque  just  balances  the  tension  of 
the  spring,  the  rotor  assumes  its  neutral  position  and  interrupts  the 
circuit  of  the  pilot  valve.  If  the  motor  input  increases,  the  torque  of 
the  rotor  exceeds  that  of  the  spring,  and  the  pilot  valve  exhausting  the 
air  from  the  reservoir  is  energised,  thereby  lowering  the  level  of  the 
liquid  in  the  electrode  chamber  and  reducing  the  motor  input. 

In  order  to  obtain  a  constant  input  to  the  motors  when  they  are  con- 
nected in  cascade  and  also  in  parallel,  the  stator  winding  of  the  regulator 
is  wound  in  two  sections,  which  are  connected  in  series  for  the  cascade 
connection  of  the  motors  and  in  parallel  for  the  parallel  connection  of 
the  motors,  these  groupings  being  effected  by  means  of  fingers  and  seg- 
ments on  the  change-over  switch. 

Beverser. — ^In  equipments  with  high-voltage  motors,  the  reverser 
generally  fulfils  the  combined  functions  of  a  reversing  and  circuit- 

*  In  the  rheostats  supplied  with  the  earlier  (1909)  freight  locomotives  (typ* 
F.S.  050,  class  0-10-0)  the  regulator  was  designed  to  regulate  for  constant  current 
input.  The  present  type  of  regulator  was  developed  so  that  the  acceleration  of 
locomotive  should  not  be  influenced  by  variations  of  the  line  voltage. 
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breaking  switch.  An  illuatration  of  a  reverser  of  this  type  which  is 
standard  for  all  the  equipmenta  on  the  Italian  State  RaUwaye,  is  shown 
m  Fig.  219.  The  switch  consists  of  six  copper  plungers  (or  rods)  fixed 
by  insulators  to  a  cireuUr  oroes-head,  which  can  be  raised,  lowered 
and  rotated  through  an  angle  of  60  degrees.  When  the  cross-head  is 
raised,  the  piun^rs  fit  into  corresponding  sockets  contafaied  in  long 
vertical  (porcelain)  tubular  insulators  fixed  to  the  upper  Twrtion  of 
the  case,  "^"^      ^ 

The  phases  of  the  supply  and  the  motors  are  connected  to  the  six 
sockets,  while  the  six  plungers  are 
cross-connected  in  the  manner  shown 
in  Fig.  220,  A.  This  diagram  shows 
the  position  of  the  cross-head  corre- 
sponding to,  say,  forward  running 

of  the  looomotive,  and  when  the  I 

reverser  ia  closed  the  connections 
between  the  supply  and  motors  are 
as  shown  m  Fig.  220.  B.  When  the 
cross -head  is  rotated  through  an 
angle  of  60  degrees,  the  connections 
between  two  of  the  phases  of  the 
supply  and  the  motors  are  inter-  - 
chai^d  (see  Fig.  220,  C),  thereby 
reversing  the  du«ction  of  motion 
of  the  locomotive. 

All  the  operations  of  closing, 
opening,  and  reversing  are  per- 
formed  by  compressed  air,  the 
cylinders  for  reversing  (i.e.  rotating 

the  cross-head  through  60  degrees)  — 

being    shown    on    the    top   of    the      pio.    219.— Combined    Reversing    and 
case.  CircHit-breakintt  Switch   for   3000- 

The  switch  has  a  long  break  yolt  EquipmentB. 

(about  10  in.)  and,  since  each  phase 
ia  interrupted  in  two  places  simultaneously,  the  voltage  broken  at  each 

(3000    \ 
i^~7q  =  ) 

866  volts. 

This  combined  reversing  and  circuit-breaking  switch  is  used  for 
interrupting  the  circuit  during  normal  operation,  but  the  equipment  is, 
of  course,  protected  against  overload  by  means  of  an  automatic  oil- 
e  witch. 

Pole -changing  switches. — In  control  equipments  for  changeable-pole 
control,  the  pole-changing  switches  are  usuaUy  in  the  form  of  drum-type 
controllers  operated  pneumatically  from  a  suitable  master  controller.* 
These  switches  are  not  intended  for  breaking  the  circuit,  wliich  operation 
is  performed  by  means  of  either  a  reverser  of  the  above  type,  or  a  double- 
pole  oU-switch  combined  with  the  pole-changing  switch.  The  latter 
method  is  adopted  for  four-speed  changeable-pole  equipments,  as  it 


*  For  muItiplD-unil  operation,  the  admission  of  air  to  the  pnsu 
lid  be  performed  by  ekotrically  controlled  pilot  valves,  similar  U 
Im  Weetinghouae  electto-paeumatic  control  system. 
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enables  the  two  pole-changing  windings  of  the  motor  to  be  used  either 
in  parallel  or  singly.  Separate  pole-changing  and  circuit -breaking 
Bwitebes  are  used  for  each  pole-changing  winding. 

A  diagram  of  the  connections  and  development  for  the  standard  type 
of  pole-changing  switch  is  shown  in  Fig.  221. 

Regrouping  and  chang e-over  switches  for  cascade  control. — The 
connections  for  these  switcaes  have  been  considered  above.  It  may  be 
observed  that,  for  two-speed  cascade -parallel  equipments,  the  change- 
over switch  may  be  combined  with  the  regrouping  switch  when  the  latter 
is  of  the  controller  type.    Hence,  with  the  usual  method  of  pneumatic 

Ph4umMtic       Ctflindar* 
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Fio.  220. — Reversing  Swit«h  for  Three-phase  Motors. 

operation,  only  one  double-acting  pneumatic  cylinder  is  required  for 
effecting  the  cascade  and  parallel  combinations  of  the  motors  and 
rheostat. 

Kaster  controller.— In  multi-speed  control  equipments  for  three- 
phase  locomotives,  the  master  controller  possesses  several  features  of 
interest,  since  the  functions  of  the  controller  are  of  a  different  nature 
to  those  which  obtain  in  continuous-current  and  single-phase  equip- 
ments. For  example,  the  driver  must  be  capable  of  controlling  (1)  the 
direction  of  motion  of  the  locomotive,  (2)  the  speed  at  which  it  is  to 
operate,  (3)  the  acceleration  during  starting,  and  (4)  the  retardotion 
durmg  regenerative  braking.  Moreover,  in  many  three-phase  locomo- 
tives, the  operation  of  the  various  switches  is  carried  out  entirely  by 
means  of  compressed  air.  In  these  cases,  therefore,  the  master  con- 
troller becomes  a  combination  of  valves  and  contains  no  electrical 
circuits. 
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For  multiple-unit  operation  of  th0'  locomotives  the  pneumatic 
cylinders  of  the  various  switches  must  be  controlled  by  electro-magnetic 
pilot  valves,  so  that,  for  these  cases,  the  master  controller  will  follow 
the  general  lines  of  its  prototypes  for  continuous-current  and  single-phase 
electro-pneumatic  equipments. 

Thus,  the  master  controller  must  energise  the  magnets  of  the  pilot 
valves  controlling  the  reversing,  the  pole-changing,  and  other  switches, 
and  must  also  set  the  automatic  regulator  of  the  rheostat  for  the  required 
acceleration.  It  is  possible  to  arrange  for  these  operations  to  be  per- 
formed by  two  handles,  viz.  one  handle  controlling  the  speed  and 
the  direction  of  motion,  and  another  handle  controlling  the  accelera- 
tion. On  the  other  hand,  with  "all-pneumatic"  control  equipments, 
three  handles  will  be  required,  as  the  valves  controlling  the  pneumatic 
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FiQ.  221. — Connections  and  Development  of  Pole-changing  Switch. 

cylinders  of  the  various  switches  must  be  operated  directly  from  the 
controller. 

In  considering  master  controllers  in  detail,  we  have  to  distinguish 
between  those  for  electro-pneumatic  control,  all-pneumatic  control,  and 
combined  pneumatic-hand  control.  Controllers  for  electro-pneumatic 
control  have  been  developed  by  the  Society  Italiana  Westinghouse  and 
the  Westinghouse  Co.,  t^^hile  those  for  the  pneumatic  systems  of  control 
have  been  developed  by  Ganz  &  Co.*  and  Brown,  Boveri  &  Co. 

The  simplest  of  the  pneumatic  controllers  is  that  developed  by 
brown,  Boveri  &  Co.  for  the  two-speed  locomotives  operating  through 
the  Simplon  Tunnel.  In  these  locomotives  the  motors  are  of  the 
changeable-pole  type,  and  have  wound  rotors  with  separate  windings 
and  slip-rings  for  each  set  of  poles.  The  rheostats,  of  which  there  is  one 
for  each  rotor  winding,  are  of  the  wire  type  with  fa<je-plate  switches 
manually  operated. 

The  master  controller  is  illustrated  in  Fig.  222.  The  central  hand- 
wheel  controls  the  valve  operating  the  main  switch  and  also  operates 
the  switches  of  the  rheostats  by  means  of  bevel  and  chain  gearing.  The 
two  side  handles  operate  the  valves  controlling,  respectively,  the  reverser 

*  For  description  and  illustrations  of  Ganz  pneumatic  controllers  see  Vtclairage 
jSUdrique,  vol.  43,  p.  487. 
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and  the  pole-changing  switch.  These  handles  are  interlocked  with  each 
other  and  the  central  handle,  so  that  the  operations  can  only  be  carried 
out  in  the  correct  manner. 

In  the  electro-pneumatic  systems  of  control,  the  control  circuit  is 
supplied  with  either  single-phase  alternating  current — at  from  80  to 
100  volts — or  continuous  current  at  a  low  voltage  (obtained  from  accumu- 
lators). Hence  the  master  controller  will  only  have  to  handle  small 
currents  at  low  voltage,  so  that  no  arc-suppressing  devices  will  be 
required. 

An  illustration  of  a  Westinghouse  master  controller  (for  the  Nor- 
folk and  Western  locomotives  described  in  Chapter  XVII)  is  shown  in 
Fig.  223.  The  controller  is  arranged  for  the  control  of  a  double  loco- 
motive on  the  multiple-unit  system,  each  half  of  the  double  locomotive 
being  equipped  with  four  410-H.P.,  760- volt,  three-phase,  changeable- 
pole  motors.  Three  handles  are  provided — one  for  operating  the 
reverser,  and  the  other  two  for  controlling,  respectively,  the  contactors 
forming  the  pole-changing  switch  and  the  valve  magnets  of  the  liquid 
rheostat. 


CHAPTER   XII 

THE  CONTROL  OF  CONTINUOUS -CURRENT  AND  ALTERNATING- 
CURRENT  MOTORS  FOR  REGENERATIVE  BRAKING 

In  Chapter  III  we  have  shown  that  the  energy  output  from  the  motors 
of  an  electric  train,  operating  on  a  level  track,  is  expended  in  (1)  accele- 
rating the  train,  and  (2)  overcoming  the  resistances  to  motion.  When 
the  train  is  running  at  constant  speed,  the  kinetic  energy  which  it 
possesses  is  equal  to  the  energy  expended  in  acceleration.  During 
coasting  a  portion  of  this  energy  is  utilised  for  propelling  the  train 
(i.e.  in  doing  work  against  train  resistance),  and  the  rate  at  which  this 
conversion  of  energy  takes  place  determines  the  retardation.  Hence, 
coasting  may  be  considered  as  a  form  of  mechanical  regenerative  brak- 
ing or  recuperation  of  energy.  Generally,  the  greater  the  ratio  of  the 
coasting  period  to  the  total  running  period  the  lower  will  be  the  energy 
consumption ;  but  prolonged  coasting  will  result  in  a  low  schedule 
speed,  and  will  require  an  increase  in  the  acceleration  if  the  original 
schedule  speed  is  to  be  maintained.  The  increase  in  the  acceleration 
will  usually  involve  the  use  of  larger  motors,  so  that  the  gain  in  the 
energy  consumption  may  be  neutralised  by  the  increased  train  weight 
and  the  additional  cost  of  the  equipment.*  With  modem  urban  and 
suburban  traffic  conditions,  it  is  only  possible  to  allow  a  coasting  period 
of  from  20  per  cent,  to  60  per  cent,  of  the  total  running  period,!  and, 
consequently,  a  large  percentage  of  the  acceleration  energy  has  to  be 
wasted  in  the  brakes. 

By  suitably  grading  the  track  the  kinetic  energy  of  the  train  may 
also  be  utilised  in  domg  work  against  gravity.  When  the  train  is 
brought  to  rest  it  will,  therefore,  possess  a  certain  amount  of  potential 
energy  which  can  be  utilised  for  the  purpose  of  acceleration  during  the 
descent  of  the  train  to  the  level.  This  form  of  mechanical  regenerative 
braking  is  adopted  on  the  London  tube  railways,]:  the  tracks  being 
graded  in  the  manner  shown  in  Fig.  224.  As  far  as  the  conditions  of 
construction  will  permit,  the  station  platforms  are  arranged  at  the 
same  level.  The  tracks  between  the  stations  are  constructed  with  a 
1  in  60  (1-66  per  cent.)  up  gradient  on  the  entering  side  ;  a  1  in  30  (3*3 

*  For  other  limitations  to  the  acceleration  see  p.  11. 

t  In  this  connection  see  Electric  Railway  Journal,  vol.  46,  p.  705,  where  values 
are  given  for  the  duration  of  the  coasting  periods  on  a  number  of  city  railways. 

The  matter  is  discussed  in  detail  in  Chapter  XIX. 

X  Regenerative  braking — whether  mechanical  (by  means  of  gradients)  or  elec- 
trical— is  an  important  feature  in  tube  railways,  where  dust  should  be  specially 
avoided.  In  the  London  tube  railways,  the  brake-block  wear  is  reduced  by  more 
than  60  per  cent,  by  the  adoption  of  a  graded  track  in  contrast  to  a  level  track. 
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per  cent.)  doiun  gradient  on  the  leaving  side,  and  a  level  stretch  between 
the  gradients.*  The  lengths  of  the  gradients  are  arranged  so  that 
power  is  cut  off  from  the  motors  when  the  train  is  on  the  level.  Mechani- 
cal regenerative  braking  occurs  while  the  train  is  ascending  the  1  in  60 
gradient,  and  the  final  stage  in  the  braking  is  performed  by  the  applica- 
tion of  the  mechanical  brakes  as  the  train  enters  the  station. 

In  the  case  of  the  Central  London  Railway  the  gradients  result  in 
a  recuperation  of  14  watt  hours  per  ton  mile,  which  corresponds  to  about 
one-third  of  the  energy  consumption  of  a  seven-car  train  operating  at 
a  schedule  speed  of  14  ml.p.h.f 

The  total  economy,  however,  is  not  shnply  represented  by  the 
decreased  energy  consumption  of  the  train,  because  the  service  can  be 
run  with  smaller  equipments  than  a  similar  service  on  a  level  track. 
Economies  will,  therefore,  be  effected  in  the  interest  and  depreciation 
charges  on  the  equipments  and  the  rolling  stock.  Moreover,  the  im- 
provement in  the  load-factor  at  the  power  house,  due  to  the  lower  peak 
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Fig.  224. — Grading  of  Track  on  London  Tube  Railways. 

load,  enables  the  generating  plant  to  be  operated  at  a  high  average 
efl&ciency,  which  is  conducive  to  low  generating  costs. 

Although  the  above  graded  track  construction  is  quite  practicable 
for  tube  railways,  it  is  scarcely  practicable  for  surface  railways.  There- 
fore it  will  be  necessary  to  confine  our  attention  to  surface  lines,  and 
for  the  present  we  shall  consider  the  track  to  be  level.  Hence,  if  greater 
reductions  are  to  be  effected  in  the  energy  consumption  by  means  of 
regenerative  braking,  the  electrical  equipment  must  be  utilised  for  this 
purpose.  The  motors  must,  therefore,  be  capable  of  operating  as  gener- 
ators during  the  period  of  retardation,  and  the  power  generated  in  the 
machines  must  be  returned  to  the  supply  system. 

The  methods  of  converting  continuous-current  series  motors  into 
generators  for  braking  purposes  have  been  discussed  in  Chapter  VIII 
(see  p.  147).  There  are,  however,  important  differences  between  electric 
braking  and  electric  regenerative  braking.  For  instance,  with  electric 
braking  the  voltage  generated  in  the  motors  is  not  of  considerable  im- 
portance, as  the  braking  effect  can  be  regulated  by  the  rheostats.     On 

*  The  reason  for  the  difference  in  the  up  and  dawn  gradients  is,  that  a  gradient 
of  1  in  30  against  a  train  would  be  very  disadvantageous  in  the  case  of  a  signal  stop. 

t  A  complete  analysis  of  the  energy  consumption  on  the  Central  London 
R&ilway  has  been  given  by  Messrs.  Parshall,  Parry,  ft  Casson  in  a  paper  on  '*  The 
Central  London  Railway  "  published  in  Traction  and  Tranemiaaion,  August,  Sep- 
tember, October,  1903.  See  also  Proceedings  of  the  Institution  of  Mechanical 
Engineers,  1912,  p.  939. 

The  average  energy  consumption  (input  from  the  conductor  rail)  for  a  seven-car 
train,  weighing  120  tons,  was  found  to  be  43  watt-hours  per  ton  mile  when  this 
train  was  running  the  service  at  a  schedule  speed  of  14  ml.p.h. 
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the  other  hand,  with  regenerative  braking  the  voltage  generated  in  the 
motors  must  at  all  times  exceed  the  supply  voltage  by  an  amount  which 
is  equal  to  the  voltage  drop  (due  to  resistance)  in  the  machines  and 
connections.  Moreover,  the  generated  voltage  must  be  maintained  at 
this  value  throughout  the  period  of  recuperation.  Obviously  the  latter 
conditions  can  only  be  satisfied  by  having  the  field  windings  of  the 
machines  either  separately  excited  or  shunt  excited,  series  excitation 
being  entirely  inadmissible. 

Hence  the  series  motor,  which  possesses  the  most  suitable  character- 
istics for  propulsive  purposes,  does  not  possess  suitable  features  for 
regenerative  braking.  'Recuperation  can  be  obtained,  however,  by 
separately  exciting  the  field  winding  and  inserting  a  booster  in  the 
armature  circuit,  as  explained  below ;  but  the  power  required  to  drive 
the  booster  and  the  excitation  sets  must  be  generated  in  the  main  motors 
before  recuperation  can  take  place.  In  many  cases  the  increased  cost 
of  the  additional  equipment  necessary  to  obtain  regenerative  braking 
with  series  motors,  combined  with  the  increase  in  the  maintenance  costs, 
and  the  increase  in  the  weight  of  the  equipment,  may  entirely  off-set 
the  economy  in  the  energy  consumption. 

On  the  other  hand,  the  shunt  motor  possesses  features  which  appear 
to  be  ideal  for  regenerative  purposes.  Thus  separate  excitation  of  the 
field  winding  is  unnecessary ;  no  changes  are  required  in  the  connec- 
tions, since  the  machine  is  converted  from  a  motor  into  a  generator  by 
simply  strengthening  the  exciting  current,  and  the  current  returned  to 
the  supply  system  is  imder  control  at  all  times. 

In  practice,  however,  regenerative  braking  with  continuous-current 
shunt  machines  cannot  be  carried  out  with  such  simplicity.  For  in- 
stance the  motors,  when  operating  as  generators,  must  be  provided  with 
a  differential  series  winding  in  order  that  the  load  may  be  divided  equally 
between  two  or  more  machines  connected  in  parallel,  and  also  to  prevent 
damage  to  the  equipment  due  to  a  sudden  increase  in  the  (shunt)  exciting 
current.  Moreover,  precautions  must  be  taken  to  prevent  an  excessive 
voltage  being  generated  in  the  machines.* 

If  recuperation  is  required  over  a  wide  range  of  speeds,  it  will  be 
necessary  to  adopt  series-parallel  control.  The  application  of  this 
system  of  control  to  shunt  machines  introduces  difficulties  which  are 
not  associated  with  the  series-parallel  control  of  series  motors.  The 
principal  difficulties  are  connected  with  the  transition  steps,  the  steps 
for  the  transition  from  series  to  parallel  not  being  suitable  for  the  tran- 
sition from  parallel  to  series. 

These  difficulties  are  not  insurmountable,  but  they  tend  to  complicate 
the  control  apparatus. 

Several  attempts  have  been  made  in  this  country  to  introduce 

regenerative  braking  on  tramwavs,  but  for  various  reasons  they 

have  not  been  commercially  successful,  f 

*  These  precautions  are  necessary  for  the  following  rectson.  Suppose  a  car  to 
be  descending  a  gradient  with  the  motors  returning  current  to  the  supply  system. 
If  the  main  current  were  interrupted— due  to,  say,  the  circuit-breaker  opening — 
the  volta^  generated  in  the  motors  would  not  be  restricted  to  the  normal  viuue 
(which  is  in  the  neighbourhood  of  the  line  voltage)  but,  with  the  increasing  speed  of 
the  car.  would  build  up  to  an  excessive  veJue. 

t  A  large  amount  of  development  in  tramcar  equipments  for  regenerative  control 
has  been  done  by  the  Brush  Electrical  Engineering  Co.  (under  Raworth's  Patents) 
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t 

Experience  with  regenerative  equipments  on  tramways  has  shown 
that  on  level  routes  the  energy  consumption  is  about  10  per  cent,  lower 
than  that  of  a  standard  (senes  motor)  equipment,  the  operating  condi- 
tions being  similar  in  each  case.  With  undulating  routes  the  saving 
may  be  of  the  order  of  20  per  cent.  On  the  other  hand,  the  equipments 
for  regenerative  control  are  more  costly  than  standard  series-motor 
equipments,  while  the  cost  of  maintenance  for  the  former  equipments 
will  generaUy  .exceed  that  for  standard  equipments.  Moreover,  devices 
are  required  at  the  generating  station  to  prevent  the  generators  being 
supplied  with  currenf  from  the  car  motors. 

Thus,  in  many  cases,  the  total  running  costs  for  cars  with  regenerative 
equipments  will  not  differ  appreciably  from  those  for  cars  with  standard 
equipments.  It  is  apparent  that,  in  these  cases,  very  little  advantage 
is  gained  by  the  substitution  of  regenerative  equipments  for  standard 
equipments. 

The  above  conditions  apply,  to  some  extent,  to  regenerative  equip- 
ments for  urban  and  suburban  railways,  but  in  these  cases  there  are 
greater  possibilities  for  regenerative  control  on  account  of  the  higher 
efficiency  of  the  equipment  and  the  large  amount  of  kinetic  energy  avail- 
able. It  is  desirable,  however,  that  the  ''  series  "  characteristics  of  the 
motors  be  retained  for  propulsive  purposes,  in  order  to  enable  a  high 
acceleration  to  be  obtained  without  the  use  of  heavy  motors.  At  the 
present  time  the  introduction  of  regenerative  control  into  equipments 
for  urban  and  suburban  railways  is  only  in  the  experimental  stage.  A 
multiple-unit  train,  equipped  with  series  motors  and  regenerative  control, 
is  in  service  on  the  Metropolitan  Railway,  Paris,  and  the  results  of 
tests  indicate  that  a  saving  of  20  per  cent,  in  the  energy  consumption 
(in  comparison  with  standard  equipments)  can  be  obtained.* 

With  main-line  railways  having  long  and  heavy  gradients — ^more 
especially  those  on  which  the  traffic  consists  principally  of  freight 
trains — ^the  conditions  for  regenerative  braking  are  very  favourable, 
and  not  only  can  considerable  economies  be  effected  in  the  energy  con- 
sumption, but  heavier  trains  can  be  handled  on  the  down  gradients  at 
considerably  higher  speeds  than  would  be  permissible  with  mechanical 
braking. 

A  striking  example  of  the  advantages  of  electric  regenerative 

and  the  Johnson  Lundell  Co.  In  the  Raworth  regenerative  system,  standard 
traction  motors  were  adopted  and  were  provided  with  compound  field  windings. 
The  motors  were  operated  as  shunt  machines  (with  series-parallel  control)  d\irinff 
acceleration  and  braking,  the  series  winding  being  used  for  parallel  operation  and 
also  for  rheostatic  brakmg.  Details  of  the  system  of  control,  together  with  test 
results,  will  be  found  in  a  paper  by  Mr.  A.  Raworth  on  "  The  Regenerative  Control 
of  Electric  Tramcars "  {Journal  of  t?ie  InsHtiOion  of  Electrical  Engineers,  vol.  38, 
p.  374). 

*  The  motors  for  the  Johnson-Lundell  system  were  special  machines  with  laminated 
magnetic  circuit,  double  armature  windings,  euid  compound  field  windings ;  they 
were  operated  as  series  machines  during  acceleration,  and  as  differential  compoiind 
machines  during  re^nerative  braking ;  the  change  in  the  connections  being  effected 
by  a  special  electrically-operated  controller  known  as  a  ''  field  changer."  The 
control  during  acceleration  and  regenerative  braking  was  on  the  double  series- 
parallel  system.  Complete  data  of  the  design  of  the  motors  and  the  method  of 
control  will  be  foimd  in  ''  Electric  Motors  "  (Hobart),  2nd  edition,  p.  252. 

*  See  p.  268  for  details  of  the  method  of  control. 

A  description  of  the  e(|uipment,  together  with  curves  of  energy  consumption, 
will  be  foimd  in  the  EUctrtc  Railway  Journal,  voL  43,  p.  302, 
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braking  on  a  railway  with  heavy  gradients  is  found  on  the  Giovi-Genoa 
lines  of  the  Italian  State  Railways.*  With  electric  traction,  the  capacity 
of  the  lines  has  been  trebled,  due  to  the  heavier  trains  which  can  be 
run  on  the  down  gradients,  and  the  higher  speeds  permissible  with  electric 
braking.  The  running  costs  have  been  found  to  be  only  about  76  jier 
cent,  of  those  when  the  lines  were  operated  with  steam  locomotives, 
although  the  plant  of  the  generating  station  is  not  fully  utilised.  These 
low  costs  are  the  result  oi  electric  recuperation  of  energy  on  the  down 
gradients,  the  recuperated  energy  being  of  the  order  of  from  60  per  cent, 
to  80  per  cent,  of  the  energy  consumption  for  th^up  journey  with  the 
same  train,  f  Considerable  saving  is  also  effected  in  the  brake  shoes, 
wheel  t3?Tes,  and  rails,  as  the  mechanical  brakes  are  only  used  for  "  slow- 
downs "  and  stops. 

Other  railways  with  heavy  gradients,  on  which  electric  regenerative 
braking  is  adopted,  are  the  Cascade  Tunnel  of  the  Great  Northern  Bail- 
way,  U.S.A.  J ;  the  Norfolk  and  Western  Railway  (West  Virginia, 
U.S.A.)  §  ;  the  Puget  Sound  lines  of  the  Chicago,  Milwaukee,  and  St. 
Paul  Railway  || ;  and  the  Villefranche-IUe  lines  of  the  Midi  Railway 
(France).  In  all  these  cases  the  electrical  equipment  has  been  designed 
with  special  reference  to  regenerative  braking.  The  equipments  for  the 
Chicago,  Milwaukee,  and  St.  Paul  Railway  have  continuous-current 
series  motors,  while  those  for  the  Midi  Railway  have  single-phase  com- 
mutator motors  :  in  the  other  cases  the  equipments  have  three-phase 
induction  motors. 


Control  Systems  for  Electric  Regenerative  Braking 

ON  Railways 

I.  Regenerative  Control  Systems  for  Three-phase  Motors.— The 

simplest  control  system  for  regenerative  braking  is  obtained  by  the 
adoption  of  three-phase  induction  motors  with  wound  rotors  and  auto- 
matic liquid  rheostats.  The  property  of  a  three-phase  induction  motor 
operating  as  an  asynchronous  generator  at  speeds  above  synchronism 
is  well  known,  and  this  property  forms  the  essential  feature  in  the  control 
of  the  motor  for  regenerative  braking.  Now,  when  the  machine  is  operate 
ing  as  a  motor  at  constant  supply  voltage  and  frequency,  the  slip,  with 
constant  rotor  resistance,  is  practically  proportional  to  the  torque, 
while  for  constant  torque  the  slip  varies  approximately  as  the  rotor 
resistance  (see  p.  102).    It  can  be  shown  that  similar  relations  exist 

*  For  a  description  of  this  electrification  see  Tramway  and  Railway  World, 
vol.  27,  p.  346  ;   vol.  36,  p.  184. 

t  In  all  cases  of  regenerative  control,  the  efficiency  of  the  equipment  has  an 
important  bearing  on  the  economical  results.  It  is  only  with  the  use  of  lar^ 
gearless  three-phase  motors  that  results  of  the  above  order  can  be  obtained. 

t  For  data  of  this  electrification  see  a  paper  by  Dr.  Gary  T.  Hutchinson  on 
*'  The  Electric  System  of  the  Great  Northern  Railway  "  {Transactions  of  the  American 
Institute  of  Electrical  Engineers^  vok  28,  p.  1281). 

§  A  complete  description  of  this  electrification  will  be  found  in  the  Tramiway 
and  Railway  World,  vol.  38,  p.  9,  and  the  Electric  Railway  Journal,  vol.  46, 
p.  1058. 

Ij  Data  of  the  gradients,  traffic,  and  system  of  electrification  for  this  railway 
will  be  found  in  the  General  Electric  Review,  vol.  18,  pp.  5,  600;  the  Electric 
Railway  Journal,  vol.  45.  p.  1072,  and  the  Tramway  and  Railway  World,  vol.  37, 
p.  87. 
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when  the  machine  is  operating  as  a  generator,  the  torque  in  this  case 
being  supplied  to  the  rotor  and  the  slip  being  negative.* 

Therefore,  in  order  to  obtain  regenerative  braking  on  level  track,  it 
will  be  necessary  to  adopt  multi-speed  control.  Considering  the  two- 
speed  cascade-parallel  system  of  control,  if  the  train  ia  running  with 
the  motors  connected  in  parallel,  regenerative  braking  can  only  be 
obtained  by  connecting  the  motors  in  cascade,  and  the  braking  ceases 
when  the  speed  of  the  train  reaches  the  cascade-synchronous  speed  of 
the  combination.  The  control  of  the  retardation  during  braking  must 
be  effected  by  regulating  the  resistance  in  the  rotor  circuit  of  the  secondary 
motor.  This,  of  course,  involves  a  loss  of  energy.  Hence  it  is  apparent 
that  the  economy  obtainable  from  regenerative  control  on  level  track 
will  not  be  very  great,  although,  by  the  adoption  of  four-speed  equip- 
ments, the  loss  in  the  rheostats  can  be  reduced.  Against  these  dis- 
advantages we  have  the  great  advantages  of  simplicity  in  the  control 
and  the  absence  of  additional  control  apparatus. 

With  trains  operating  on  gradients  the  economy  obtainable 
from  regenerative  braking  will  be  very  considerable,  since,  under 
normal  conditions,  it  is  unnecessary  to  insert  resistance  in  the  rotor 
circuit. 

The  speed  at  which  the  train  descends  the  gradient  will  be  constant 
(assuming  constant  frequency  and  voltage),  and  will  be  practically  inde- 
pendent of  the  gradient  and  the  weight  of  the  train ;  while  the  energy 
returned  to  the  supply  system  will  equal  the  work  done  by  gravity,  less 
the  energy  expended  against  train  resistance  and  the  losses  in  the  motors 
and  equipment.  Thus  the  load  on  the  motors,  when  regenerating,  is 
determined  by  the  weight  of  the  train  and  the  gradient. 

It  is  apparent  that  with  the  rotors  short-circuited,  light  trains  will 
descend  at  practically  the  same  speed  as  heavy  trains,  but  flexibiUty  in 
this  direction  can  be  obtained,  without  sacrifice  of  efl&ciency,  by  the 
use  of  multi-speed  equipments.  Of  course,  by  inserting  resistance 
in  the  rotor,  circuit,  the  light  trains  may  be  taken  down  the  gradient 
at  any  speed  desired,  but  this  involves  a  loss  of  energy  in  the  rotor 
rheostats. 

When  two  or  more  three-phase  locomotives  have  to  be  coupled  to- 
gether for  the  purpose  of  handling  a  heavy  train  down  a  gradient,  it 
is  desirable  that  the  locomotives  should  share  the  load  equally  in  spite 
of  any  differences  in  the  diameters  of  the  driving  wheels.  This  condi- 
tion is  easily  obtained  with  equipments  provided  with  automatic  liquid 
rheostats.  The  rheostats  on  the  locomotive  with  the  largest  driving 
wheels  are  short-circuited,  while  the  rheostats  on  the  other  locomotives 
are  adjusted  (from  the  driving  master  controller)  to  maintain  a  load  on 
these  locomotives  equal  to  that  on  the  former  locomotive. 

It  should  be  pointed  out  that,  on  railways  which  are  supplied  with 
electrical  energy  from  a  separate  generating  station,  conditions  may  occur 
during  regenerative  braking  on  steep  gradients  when  the  recuperated 
energy  is  greater  than  the  energy  output  from  the  generators.  These 
conditions  would  be  dangerous  to  the  plant  at  the  generating  station, 
and  also  to  the  trains  descending  gradients.    Hence  provision  must 

*  If  n=  speed  of  rotor  in  r.p.m.,  and  n«  =  83aichronou8  speed  in  r.p.m.,  the 
slip  (as  motor) = « 1  -    ,  and  the  negative  slip  (as  generator) = ?«—  -  1. 
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be  made  for  dissipating  the  excess  of  energy  in  loading  rheostats,  and 
usually  these  are  of  the  water  type.* 

II.  Begenerative  Control  Systems  for  Continuous-current  Series 

Motors. — A  system  of  regenerative  control  for  multiple-unit  equipments 
has  been  developed  by  the  Jeumont  Co.  (Ateliers  de  Constructions 
^^lectriques  du  Nord  et  de  TEst),  and  has  been  tested  with  satisfactory 
results  on  the  Metropolitan  Railway,  Paris. 

The  system  involves  the  use  of  a  booster-exciter  set,  the  booster 
bein^  used  for  starting  and  speed  regulation  as  well  as  for  regenerative 
brakmg.  Thus  starting  rheostats  are  dispensed  \^dth,  and  an  economica] 
method  of  speed  control  is  obtained. 

The  booster  and  the  driving  motor  are  four-pole  machines,  with 
commutating  poles  and  a  common  frame.  The  armatures  of  these 
machines  are  mounted  on  a  common  shaft  which  is  carried  in  ball  bearings. 
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Fig.  225. — Diagram  of  Connections  of  Jeumont  System  of  Regenerative 
Control  for  Continuous-current  Railway  Motors. 

The  exciter  armature  is  fixed  to  an  extension  of  this  shaft,  while  the 
exciter  magnet  frame  is  bolted  to  one  of  the  frame  heads  of  the  booster 
frame.  In  this  manner  a  compact  set,  with  very  low  mechanical  losses, 
is  obtained.  The  booster  and  exciter  are  each  provided  with  two  shunt 
windings,  while  the  driving  motor  is  provided  with  a  compound  field- 
winding. 

The  general  scheme  of  connections  is  shown  diagrammaticaUy  in 
Fig.  225.  The  armatures  and  field  windings  of  the  two  traction  motors 
ilfj,  if 2  are  connected  permanently  in  series  with  the  armature  A^  oi 
the  booster,  the  field  windings  of  the  traction  motors  being  connected 
to  a  set  of  contactors  X,  which  fulfil  the  functions  of  a  reverser  and  a 
circuit-breaking  switch.  The  exciter  armature  A^  can  be  connected  in 
parallel  with  the  field  windings  of  the  traction  motors  by  means  of  the 
contactor  Y. 

♦  For  particiilars  of  the  regenerative  loading  rheostats  for  the  Giovi  lines,  see 
The  Engineer,  vol.  116,  p.  297. 

These  loading  rheostats  are  unnecessary  in  the  case  of  a  large  generating  station 
supplying  industrial  works  as  well  as  railways. 
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The  field  windings  of  the  booster  are  shown  at  E,  F,  the  winding  F 
being  separately  excited  through  a  reversing  switch  Z,  while  the  winding 
E  is  self -excited  and  connected  across  the  armatures  of  the  booster  and 
exciter.  The  field  windings  of  the  exciter  are  shown  a,t  G,  H,  of  which 
the  winding  H  is  separately  excited  and  the  winding  O  is  excited  from 
the  booster  armature. 

The  motor  of  the  booster-exciter  set  is  started  by  an  automatic 
starting  switch  K,  The  armatui^  and  field  windings  of  the  motor  are 
shown,  in  Fig.  226,  at  A^,  By  D  respectively,  the  commutating-pole 
winding  being  shown  at  C. 

The  traction  motors  are  started  in  the  following  manner  : — 

(1)  The  reverser  X  is  closed  to  correspond  to  the  required  direction 
of  motion. 

(2)  The  field  winding  F  of  the  booster  is  excited  in  a  direction  such 
that  the  E.M.F.  generated  in  the  booster-armature  opposes  the  supply 
voltage,  the  excitation  being  adjusted  so  that  on  closing  the  contactor  W, 
the  normal  accelerating  current  will  pass  through  the  motors. 

(3)  The  contactor  W  is  closed,  and  the  traction  motors  are  accelerated 
by  decreajsing  the  excitation  of  the  booster.  During  this  process,  the 
booster  armature  A^ib  acting  as  a  motor,  while  the  motor  armature  A^ 
is  acting  as  a  generator  and  returning  energy  to  the  supply  system. 
When  the  excitation  supplied  by  the  field  winding  F  is  zero,  the  voltage 
generated  in  the  booster-armature  will  be  practically  zero,  and  each 
traction  motor  will  receive  approximately  one-half  of  the  supply  voltage. 
This  condition  corresponds  to  the  **  full  series  "  position  in  series-parallel 
control. 

(4)  The  field  winding  F  is  now  excited  in  the  reverse  direction,  and 
the  voltage  of  the  booster-armature  -4  2  is  built  up — ^in  the  same  direction 
as  the  supply  voltage — ^until  each  motor  receives  normal  (line)  voltage. 
During  this  process  the  booster-armature  is  acting  as  a  generator. 

By  suitably  arranging  the  control  of  the  exciting  winding  F,  the 
accelerating  current  can  be  maintained  constant,  and  a  uniform  accelera- 
tion obtained. 

Besenerative  braking  is  obtained  by  closing  the  contactor  T  and 
controUing  the  excitation  of  the  booster  in  the  reverse  manner  to  that 
for  acceleration.  During  regenerative  braking,  the  field  windings  of 
the  exciter  will  act  either  differentially  or  cumulatively,  according  to 
the  direction  of  the  voltage  generated  in  the  booster. 

Thus,  in  braking  from  full  speed  (when  the  booster  is  giving  its  full 
voltage)  the  winding  O  opposes  the  winding  Hj  and  the  voltage  generated 
in  the  exciter  armature  is  small.  As  the  braking  proceeds,  the  voltage 
generated  in  the  booster-armature  decreases,  thereby  increasing  the 
excitation  on  the  exciter,  and  increasing  the  current  in  the  field  windings 
of  the  traction  motors.  Finally,  the  excitation  of  the  booster  is  re- 
versed, so  that  its  voltage  opposes  the  supply  voltage ;  while,  at  the 
same  time,  the  field  windings  of  the  exciter  act  cumulatively  and 
increase  the  voltage  generated  in  the  exciter. 

The  use  of  two  shunt  windings  on  the  booster  enables  a  gradual 
variation  of  the  voltage  generated  in  the  armature  to  be  obtained  with 
a  small  number  of  steps  in  the  field  rheostat,  while  the  two  shunt  wind- 
ings on  the  exciter  produce  automatic  control  of  the  excitation  of  the 
traction  motors,  the  excitation  varying  approximately  inversely  as  the 
speed  of  the  latter. 
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The  weight  of  the  booster-exciter  set,  together  with  the  controlling 
apparatus  suitable  for  two  176-H.P.  traction  motors,  is  4070  lb.,  but 
as  the  regenerative  control  eliminates  the  starting  rheostats,  the  net 
increase  in  the  weight  of  the  regenerative  equipment  is  3080  lb. 

In  some  tests  *  on  the  Paris  MetropoUtan  Railway,  under  service 
conditions,  the  regenerative  equipment  showed  an  energy  consumption 
20  per  cent,  lower  than  that  of  a  standard  equipment  (the  respective 
figures  being  48  and  60  watt  hours  per  ton  mile) ;  while,  during  braking, 
the  energy  returned  to  the  supply  system  reached  30  per  cent,  of  the 
energy  used  in  acceleration. 

III.  Regenerative  Control  Systems  for  Single-phase  Commutator 

Motors. — The  problem  of  obtaining  regenerative  braking  from  single- 
phase  motors  presents  difficulties  which  are  considerably  greater  than 
those  discussed  above  in  connection  with  continuous-current  equipments. 

Electric  (or  rheostatic)  braking  can  be  obtained  with  single-phase 
series  motors  in  the  same  manner  as  with  continuous-current  series 
motors,  viz.  by  operating  the  motor  as  a  self-excited  series  generator 
and  loading  it  on  rheostats. 

When  regenerative  braking  is  required,  certain  conditions  must  be 
satisfied.  These  conditions  are  practically  the  same  as  those  given 
above  in  connection  with  continuous-ciurent  equipments,  but  with 
single-phase  equipments  it  is  necessary  to  consider  the  power-factor  of 
the  regenerated  current.  Obviously,  there  is  no  advantage  in  returning 
wattless  current  to  the  supply  system  ;  therefore  all  successful  schemes 
for  regenerative  braking  must  aim  at  a  high  power-factor  during 
recuperation,  and  it  is  in  the  attainment  of  this  high  power-factor  that 
the  principal  difficulties  are  encountered.  For  instance,  in  the  various 
single-phase  locomotives  supplied  to  the  Midi  Railway,  several  methods 
of  regenerative  braking  were  tried,  but  in  only  one  case  were  satisfactory 
results  obtained.! 

The  most  practicable  solution  of  the  problem  appears  to  be  obtained 
by  a  method  somewhat  similar  to  that  adopted  with  continuous-current 
series  motors,  viz.,  to  separately  excite  the  field  winding  and  insert  a 
booster  in  the  armature  circuit  for  the  purpose  of  regulating  the  braking 
efipect. 

The  current  for  the  separate  excitation  of  the  field  winding,  however, 
cannot  be  taken  directly  from  the  main  transformer,  since,  in  this  case, 
the  E.M.F.  generated  in  the  armature  would  have  a  considerable  phase- 
difference  (approximately  90  degrees)  with  respect  to  the  supply  voltage 
(or  the  voltage  at  the  secondary  terminals  of  the  main  transformer). 
The  field  winding  must,  therefore,  be  excited  from  a  circuit  in  which  the 
voltage  has  a  phase-difference  of  90  degrees  with  respect  to  the  supply 
voltage.  With  no  current  in  the  armature,  the  generated  E.M.F.  will 
then  be  in  phase  with  the  supply  voltage,  and,  provided  that  the  equality 
of  the  two  voltages  has  been  adjusted,  the  armature  may  be  connected 
to  the  supply  system.  But  when  the  machine  is  returning  current  to 
the  supply  system,  the  armature  current  will  not  be  in  phase  with  the 
generated  E.M.F.  Hence,  in  order  that  this  current  shall  be  in  phase 
with  the  supply  voltage,  the  phase  of  the  exciting  current  must  be 

*  See  Electric  Railway  JoumcU,  vol.  43,  p.  304. 

t  See  paper  on  "  The  Electrification  Schemes  of  the  Chemins  de  fer  du  Midi  *' 
by  E.  J.  Juluan.     Journal  of  the  Institution  of  Electrical  Engineers,  vol.  61,  p.  666. 
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changed.  Moreover,  for  satisfactory  working,  the  phase  of  the  exciting 
current  must  vary  with  the  variation  of  the  armature  current. 

When  the  correct  phase  relations  have  been  obtained,  the  regulation 
of  the  armature  current  (or  braking  effect)  is,  relatively,  a  simple  matter, 
and  can  be  carried  out  by  means  of  an  induction  regulator  or  by  suitable 
tappings  on  the  main  transformer  in  conjunction  with  contactors. 

The  practical  application  of  this  method  is  found  in  the  electric 
locomotives  suppUed  by  the  Jeumont  Company  to  the  Midi  Railway. 
The  locomotives  are  equipped  with  three  600-H.P.  compensated  series 
motors,  which,  for  normal  running,  are  all  connected  in  series  and  con- 
trolled by  means  of  induction  regulators.* 

For  regenerative  braking,  the  field  (excitation)  windings  of  the  motors 
are  separately  excited  from  a  special  winding  on  the  auxiliary  motors 
driving  the  compressors  and  blowers ;  while  the  armatures  and  compen- 
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Fia.  226. — Diagram  of  Connections  of  Jeumont  System  of  Regenerative 

Control  for  Single-phase  Railway  Motors. 

sating  windings  are  arranged  in  series  (as  in  normal  running)  and  con- 
nected to  the  main  transformers  through  the  induction  regulators. 

A  schematic  diagram  of  the  connections  is  shown  in  Fig.  226.  In 
this  diagram  only  one  traction  motor  (3f),  one  auxiliary  motor  (m), 
and  one  main  transformer  (T),  with  induction  regulator  {IB),  are  shown. 
The  auxiliary  motor  (m)  is  of  the  Latour  compensated-repulsion  type, 
and  is  provided  with  a  special  stator  winding  C  in  addition  to  the  main 
stator  winding  A,  and  the  shunt  winding  B,  the  latter  winding  being 
for  the  purpose  of  maintaining  unity  power-factor  on  the  motor.  The 
special  winding  C  is  displaced  90  degrees  with  respect  to  the  main  stator 
winding  A,  and  supplies  exciting  current  to  the  field  winding  F  of  the 
traction  motor. 

Hence,  at  no  load  the  E.M.F.  generated  in  the  armature  of  the  traction 
motor  will  be  in  phase-opposition  with  the  supply  voltage,  and  when 
the  equality  between  the  voltages  has  been  adjusted  by  the  induction 
regulator,  the  main  low-tension  switch  8  may  be  closed. 

*  See  The  Engineer,  vol.  116,  p.  172,  for  a  complete  description  of  these  loco- 
motives. A  brief  description,  including  a  diagram  of  connections,  will  be  found 
in  The  Electrician^  vol.  70,  p.  792. 
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The  phase  of  the  exciting  current  is  varied  automatically  with  the 
current  returned  to  the  supply  system  by  means  of  the  compenfiating 
transformer  tc  and  the  series  transformer  <,  while  the  power-factor  of 
the  auxiliary  motor  is  maintained  at  unity  by  means  of  the  compounding 
transformer  te  and  the  resistance  r.  The  operation  of  the  auxiliary 
motor  is  therefore  not  affected  by  the  current  in  the  winding  C, 

The  above  method  of  regenerative  braking  has  given  satisfactory 
results  on  the  Midi  Railway.  Tests  *  with  a  280-ton  train  on  a  gradient 
of  1  in  59  (1*7  per  cent.)  have  shown  that,  at  a  speed  of  23-6  mi.p.h., 
the  power  returned  to  the  supply  system  was  400  kw.  (at  a  power- 
factor  of  0-83),  which  corresponds  to  approximately  40  per  cent,  of  the 
power  required  by  the  train  in  ascending  the  gradient  at  the  same 
speed.  With  a  lighter  train — ^weighing  100  tons — the  power-factor 
during  recuperation  was  nearly  unity. 

With  single-phase  equipments  it  is  impossible  to  obtain  very  high 
values  (such  as  are  common  to  three-phase  equipments)  for  the  ratio  of 
the  power  recuperated  down  a  gradient  to  tihe  power  required  for 
ascending  the  gradient  under  similar  conditions,  as  the  overall  efficiency 
of  single-phase  equipments  is  considerably  lower  than  that  of  three- 
phase  equipments.  Hence,  where  recuperation  is  of  importance  on  a 
single-phase  system,  the  results  obtained  with  an  equipment  consisting 
of  three-phase  motors  and  a  phase  converter  will  generally  be  superior 
to  those  obtained  with  a  straight  single-phase  equipment. 

♦  See  The  Engineer,  vol.  116,  p.  174. 


CHAPTER  XIII 

AUXILIARY  ELECTRICAL  EQUIPMENT  FOR  TRAMCARS 

In  addition  to  the  motors  and  controllers,  the  electrical  equipment  of  a 
tramcar  must  include  (I)  a  current  collector  (in  the  form  of  a  "  trolley  " 
or  a  "plough"),  by  means  of  which  the  current  is  conveyed  from  the 
overhead  line  or  conductor  rails  to  the  controller  and  motors  ;  (2)  rheo- 
stats for  starting  and  regulating  the  s^ed  of  the  motors  ;  and  (3)  pro- 
tective apparatus  to  protect  the  equipment  against  overload  and,  in 
the  case  of  overhead  systems,  against  lightning  discharges. 

The  trolley  collector  consists  of  a  standard,  a  trolley-pole,  and  a 
trolley-head.  The  trolley-head  is  fixed  to  the  end  of  the  trolley-pole, 
from  which  it  is  insulated,  and  carries  the  trolley  wh6el. 

The  trolley-head  may  be  of  the  fixed  type — which  is  intended  for 
operating  on  wires  arranged  centrally  with  the  track — or  of  the 
swivelling  type,  which  is  now  largely  used,  and  is  suitable  for  operating 
on  trolley  wires  displaced  from  the  centre  of  the  track.  Views  illustrating 
these  types  of  trolley-heads  are  given  in  Fig.  227,  and  the  various  parts 
are  shown  in  Fig.  228. 

The  trolley-wheel  is  usually  made  of  gun-metal  having  a  high  per- 
centage of  copper,  although,  in  some  cases,  a  composite  wheel— with 
a  copper  centre  and  pressed  steel  flanges — ^is  used.  The  diameter  at  the 
bottom  of  the  groove  is  usually  3  in.,  but  for  high  speeds  a  larger  diameter 
(about  5  in.)  is  adopted.  The  wheel  may  be  fitted  with  a  hollow  steel 
spindle  (which  is  self-lubricating)  or  with  a  solid  steel  spindle  and  a 
graphite  bush,  both  types  being  illustrated  in  Fig.  228. 

In  the  swivelling  type  of  head,  the  guard  carrying  the  trolley-wheel 
is  mounted  verticafly  in  the  trolley-head  on  a  ball  bearing  or  on  a  ball 
race.  In  some  types  a  lubricated  "  friction  washer  "  is  used  instead  of 
ball  bearings.    These  details  can  be  observed  in  Fig.  228. 

The  trolley-pole  is  a  light  steel  tube,  1  in.  in  diameter  at  the  trolley- 
head  end,  and  1^  or  2  in.  in  diameter  at  the  butt  end.  It  is  about  15  ft. 
long,  and  is  held  in  a  special  fitting  on  the  trolley  standard.  Rubber 
sleeves  are  fitted  at  each  end  to  insulate  the  pole  from  the  trolley-head 
and  the  standard,  while  the  outside  of  the  pole  is  covered  with  two 
layers  of  insulating  tape. 

Two  types  of  trolley  standards  are  in  use,  viz.  (1)  the  vertical  type, 
for  use  on  open  double-deck  cars,  and  (2)  the  dwarf  type,  for  use  on 
single-deck  cars  and  covered  double-deck  cars. 

A  sectiooQ  of  one  type  of  vertical  standard  (for  double-deck  cars  with- 
out top  carers)  is  shown  in  Fig.  229.    The  outer  steel  tube  B  is  fixed 
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into  a  cast-iron  base  A,  and  supports,  on  ball  bearings,  the  ca«t-iron 
head  C,  to  which  is  fixed  the  internal  tube  D.  This  tube  extends  the 
whole  lenKth  of  the  outer  tube  to  a  guide  hearing  E  in  the  base  A .  The 
troUey-poTe  is  fixed  to  a  hooded  pole-holder  F,  which  la  hinged  to  the 


head  of  the  standard  at  Q.  A  pin  H  is  located  in  the  inner  portion  of 
the  hood,  and  carries  the  tension-rod  J.  The  upper  end  of  this  rod  is 
formed  into  a  square  head,  while  the  lower  portion  is  threaded  to  engEw;e 
the  nut  K,  which  is  in  the  form  of  a  cross-bar  and  is  seated  in  elota  in  the 


Mm 


Fio.  228,— Parlfl  of  the  Trolley  Heads  itluatrBted  in  Fig.  227.  A.  body  for 
head  III ;  B,  body  for  head  II ;  C,  body  for  head  I ;  D.  trolley  wheel 
with  graphite  bush  ;  E.  shield  for  "  friction -washer  "  type  of  head  ;  F, 
shield  for  ball-bearing  head;  Q,  hollow  self- lubricating  spindle;  J, 
terminal  sleeve  with  cablp  terminal  and  insulating  biM;  A,  rubber 
sleeve  (for  insulating  terminal  sleeve  from  trolley  pole);  H,  terminal 
sleeve  com|)letely  assembled. 

casting  L,  the  latter  being  free  to  move  in  the  tube  D.  A  collar  M  b 
riveted  to  the  inner  tube  near  its  upper  end,  and  between  this  collar 
and  the  casting  L  is  plaxjed  the  spring  N.  An  adjustable  stop  0,  fixed  in 
the  headC,  prevents  the  trolley-pole  from  rising  above  a  certain  elevation. 
It  will  be  seen  that  the  spring  is  in  compression,  and  that  its  lever- 
age on  the  pole-holder  is  a  minimum  in  the  lowest  position  of  the  trolley- 
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head.  As  the  trolley-pole  becomes  inclined,  its  effective  "arm"  de- 
creases :  the  tension  in  the  rod  J  decipases,  and  its  "  arm  "  increases. 
Thus,  slight  deviations  of  the  trolley-pole  from  the  normal  operating 
position  will  not  affect  the  pressure  on  the  trolley-wire,  but  under  low 
bridges  the  pressure  will  be  reduced,  thereby  avoiding  excessive  wear  on 
the  wire  at  these  places.  The  variation  of  pressure  is  shown  in  Fig.  229a. 
In  the  standard  illustrated  in  Kg.  229  it  is  necessary  to  provide  a 
stop  /,  in  order  to  prevent  the  trolley-pole  being  rotated  a  complete 
revolution,  otherwise  the  cable  would  probably  be  damaged.  This 
objection,  however,  can  be  overcome  by  fitting  a  swivellm^  con- 
tact to  the  lower  end  of  the  inner  tube.  One  type  of  swivelling 
contact  suitable  for  the  above  standard  is  shown  in  the  detail  sketch  in 
Fig.  229.  The  cable  from  the  trolley-head  terminates  in  a  contact  P, 
which  is  fixed  to  a  bush  of  insulating'^material  Q,  carried  in  a  cup-shaped 
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Fio.  229a. — Variation  of  Pressure  on  Trolley  Wire  with  Height  of  Trolley 
.    Head.      (Distcuioe   between   cantre   of  trolley  head   and  centre   of 
standard,  with  trolley-pole  horizontal,  14  ft.  6  in.) 


casting  -R  attached  to  the  lower  end  of  the  inner  tube  Z>.  The  lower 
contact  S  works  in  a  guide  T,  which  is  fixed  in  an  insulating  bush  U, 
the  latter  being  fixed  in  a  casting  F  bolted  to  the  ba.se  of  the  standard. 
This  contact  {^)  is  pressed  against  the  upper  contact  (P)  by  means  of  a 
spring,  and  a  square  is  formed  on  the  neck  of  the  lower  contact  to  prevent 
rotation  of  the  cable  terminal  to  which  the  cable  leading  to  the  con- 
troller is  attached. 

The  standard  must  be  earthed  by  a  low-resistance  fuse  or  automatic 
switch  (see  p.  640)  with  a  bell  as  the  warning  signal  when  the  fuse  or 
switch  opens.  In  some  cases,  however,  the  standard  is  earthed  through 
two  200-volt  red  lamps  connected  in  series. 

The  extensive  use  of  top  covers  for  double-deck  cars  has  necessitated 
the  development  of  a  trolley  standard  having  a  minimum  height,  in 
order  that  these  cars  may  be  able  to  run  under  low  bridges.  A  trolley 
standard  to  fulfil  these  requirements  is  shown  in  Fig.  230.  This  standard 
is  in  extensive  use,  and  can  be  made  so  that  the  total  height,  when  the 
trolley-pole  is  horizontal,  is  only  SJ  in.  The  head  of  the  standard  is 
carried  on  a  central  sleeve,  forming  part  of  the  base,  and  is  provided  with 
ball  bearings,  while  a  stop  is  fitted,  as  in  the  above  standard,  when 
the  base  is  not  furnished  with  a  swivelling  contact.  The  arrangement  of 
the  springs,  tension-rods, and  pole-holder  is  shown  clearly  in  the  illustration. 
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In  conduit  tramways  the  current  ia  conveyed  from  the  conductor 
rails,  in  the  conduit,  to  the  c&r  by  means  of  a  plouffh  collector.  Ab 
the  slot  is  only  }  in,  to  1  in.  in  width,  and  the  lull  line  voltage  exists 


Fig.  230— Dwarf  Trolley  Standard  (Brecknell.  Muoro.  &  Rogers). 


Fio.  231. — Plough  Collectors  for  Coaduit  Tramways.  The  plough  shown  on 
the  right  has  been  developed  for  oars  running  on  combinad  conduit  end 
overhead  trolley  Hystems. 

between  the  conductor  raib — which  are  only  6  in.  apart — it  will  be 
apparent  that  very  careful  designing  is  required  to  obtain  a  satisfactory 
collector. 
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The  Btandard  ploughs  adopted  on  the  London  County  Council  conduit 

tramways  are  shown  in  Fig.  231.    The  head  A  \b  of  cast  steel, the  lower 

portion  B  is  of  wood,  whue  the  intermediate  portiou  C  (which  passes 

through  the  slot  of  the  con- 

"1     dnit)  is  built   up   of   steel 

"        j     plates.    The  shoes  D,  which 

^L       make  contact  with  the  cod' 

^1 '     ductor    rails    (see    Chapter 

XXI),  are  of  cast  iron,  and 

are    pressed    outwards   by 

semi-elliptic  springs.     Each 

'     shoe    is    connected    to    a 

j     terminal,  fixed  in  the  base 

I     of  the  plough,  by  a  flexible 

•     copper  connection  E,  which 

acts  as  a  fuse  in  the  event 

of  a  short-circuit  within  the 

plough.      The    connections 

between  the  shoe  terminals  and  the  cables  ^(or  contacts  G]  at  the  head 

of  the  plough,  are  in  the  form  of  copper  sti'ip,  in  order  that  they  may 

be  carried  between  the  steel  plates  in  the  intermediate  portion  of  the 

plough,  the  overall  thickness  of  which  is  only  i  in.    The  lower  portion 

of  the  plough  is  protected  from  mud,  &o.,  by  a  hood  H.    The  head  of 

the  ^ough  is  fitted  with  projections  J,  which  slide  in  the  plough  carrier 

(see  Fig.  264,  p.  312)  on  the  truck. 

For  cars  which  have  to  operate  on  both  conduit  and  overhead  trolley 
systems,  the  London  County  Council  Tramways  have  developed  a  plough 
which  can  easily  be  removed  from  the  car.*  In  this  plough  the  head  is 
fitted  with  spring  contact-shoes  0,  instead  of  cables,  and  these  shoes 
make  contact  with  two  insulated  bus-bars  fitted  to  the  plough  carrier. 
Before  this  device  was  adopted,  it  was  necessary,  when  changing  from 
the  conduit  to  the 

trolley  system,  and  I 

vice  versa,   to   dis-  | 

connect  and  connect  j 

the  cable  connectors 
under  the  car.    The 

bus-bars     are    con-  i 

nected  to  a  change-  j 

over    switch,    from  j 

which    connections  I 

are     taken    to    the  } 

controllers  and  the  fl 

trolley.        In     one  I 

positiou    of     the 

switch  the  bus-bars  pio.  233.— B.T.-H.  Tramcar  Rheostat  (for  location 

are  connected  to  the  under  car}. 

controllers  and  the 

trolley   circuit  is   isolated,  while  in  the  other  position  the  trolley  is 
connected  to  the  controllers  and  the  bus-bars  are  isolated. 

RbeostatS. — The  grid  type   of   rheostat,   u-ith   mica  insulation,  is 

*  For  details  of  the  method  of  removing  and  replacing  the  plough,  see  p.  485. 
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adopted  on  aU  modem  equipments.  The  grids  are  of  a  special  grade 
of  cast  iron,  or  an  alloy  of  aluminium  and  cast  iron,  and  are  treated 
with  a  rust-preventing  compound.  One  form  of  grid  is  shown  in  Fig. 
232.  In  this  type  each  grid  is  provided  with  three  slotted  bosses  and 
a  projecting  lug,  to  which  a  terminal  can  be  fitted.  The  bosses  are 
ground  flat,  and  the  grids  are  assembled  on  mica  insulated  rods,  which 
clamp  the  whole  together.  These  rods  may  be  mounted  in  steel  end- 
frames,  as  in  Fig.  233,  for  location  under  the  car,  or  in  a  ventilated  cast- 
iron  box,  as  in  Fig.  234,  for  location  on  the  platform  under  the  staircase. 
With  this  type  of  rheostat,  a  grid  may  be  readily  removed  by  slackening 
the  nuts  on  the  supporting  rods.  The  series  connection  of  the  grids  is 
obtained  by  inserting  a  thin  mica  washer  between  alternate  outside 
bosses  and  a  similar  washer  between  all  the  middle  bosses. 

Protective  Devices. — In  order  to  protect  the  equipment  against 
excessive  overload,  an  automatic  overload  circuit-breaker  is  connected 
between  the  controller  and  the  current  collector.  On  cars  equipped 
with  trolleys  this  circuit-breaker  is  mounted  under  one  of  the  canopies, 
within  reach  of  the  motorman.  A  switch  is  connected  in  series  with 
the  circuit-breaker  and  fixed  under  the  other  canopy.  With  cars  operat- 
ing on  the  conduit  system,  where  the  polarity  of  the  conductor  rails  is 
liable  to  be  reversed,  it  is  necessary  to  provide  a  double  equipment  of 
switches  and  circuit-breakers,  a  switch  at  one  end  being  in  series  with  a 
circuit-breaker  at  the  other  end.  The  car  wiring  can  therefore  be  isolated 
from  either  end  of  the  car. 

The  circuit-breakers  and  switches  are  provided  with  a  magnetic 
blow-out  for  suppressing  any  arc  that  may  be  formed  when  the  circuit 
is  opened.  A  typical  circuit-breaker  is  shown  in  Fig.  235,  the  tripping 
coil — ^which  is  also  utilised  for  the  magnetic  blow-out — ^being  located 
under  the  arc  chute. 

On  cars  which  are  operated  from  an  overhead  line  it  is  necessary  to 
protect  the  equipment  against  lightning.  The  general  practice  is  to 
insert  a  choking  coil  in  the  circuit  between  the  circuit-breaker  and  the 
controller,  with  a  tap  to  a  lightning  arrester  on  the  circuit-breaker  side 
of  the  choking  coil. 

There  are  several  types  of  lightning  arresters  in  use,  but,  as  far  as 
the  operation  is  concerned,  they  may  be  divided  into  three  classes,  viz. 
(1)  the  aluminium-cell  arrester;  (2)  the  spark-gap  arrester,  with  or 
without  magnetic  blow-out;  and  (3)  the  non-arcing  type  of  arrester, 
in  which  a  high  resistance  is  used. 

The  aluminium-cell  arrester,  designed  for  low-voltage  contiuuous- 
current  circuits,  has  only  recently  been  applied  to  electric  traction. 
It  is  more  costly  and  requires  more  attention  than  the  other  types,  but 
it  has  the  advantage  of  possessing  a  much  greater  discharge  capacity 
than  other  arresters.  At  the  present  time  it  has  only  been  adopted  in 
America,  on  lines  which  are  subject  to  frequent  lightning  storms.* 

The  spark-gap  arrester  consists  of  a  short  spark-gap  in  combination 
with  a  series  resistance,  and  a  means  of  preventing  the  line  current  from 
following  a  lightning  discharge.    The  latest  development  t  in  this  type 

*  Further  details  can  be  obtained  from  a  paper  on  "  Studies  of  Protection  and 
Protective  Apparatus  for  Electric  Railways,**  by  E.  E.  F.  Creighton  and  others 
{Transactums  of  American  Institute  of  Electrical  Engineers,  vol.  31,  p.  851). 

t  Ibid.,  p.  868.     See  also  General  Electric  Review,  vol.  11,  p.  927. 
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Fro.  234.— B.T.-H.  Tramcoc  Rheostat  (for  location  on  car  platform). 


Fio.  236. — B.T.-H.  Automatic  Circuit-breaker  for  Tramcaro. 
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of  arrester  is  tlie  use  of  the  magnetic  field  of  a  permanent  magnet  for 
suppressing  the  arc.  In  the  earlier  typea,  an  electro -magnet  was  used, 
fvhich  was  excited  from  a  portion  of  the  series  resistance.  The  advan- 
tage of  the  permanent  magnet  is  that  a  smaller  spark -gap  can  be  used, 
since  the  magnetic  field  has  not  to  be  built  up  by  the  discharge  current. 
With  the  new  type  of  arrester  a 

spark-gap  of  -015  in.  is  adopted,  "^ 

ivhereas  with  the  older  type  the  i^  ^ 

gap  was  -026  in.  c  ^  . 

The  aluminium -cell  and  mag-  I  ^ 

netic    blow-out    arresters  have  \a 

been    developed  principally  by  jf 


the  General  Electric  Co.  and  the  «  b 


British  Thomson-Houston  Co. 

One  form  of  non-arcing  ar- 
rester consists  of  two  electrodes  JJ 
and  a  cylindrical  block  of  spe-  **- —  g 
cially  prepared  carborundum  of  -^  S-  ^ 
high  resistance.  The  carborun-  1  d 
dum  block  has  numerous  air  €  .  « 
spaces  uniformly  distributed  ^  a 
throughout  its  mass.  A  dis-  s  .  J 
charge  through  the  block  is,  ^^  '^ 
therefore,  split  up  into  a  large  '^  ^  | 
number  of  smaller  discharges,  ^  ,  ^ 
and  the  high  resistance  of  the  3  i. 
material  prevents  the  discharge  «  .  *2 
from  being  maintained  by  the  ^  9* 
line  voltage.  The  carborundum  ^  ?  J 
block  is  separated  from  the  ~|  ^ 
"  line  "  electrode  by  a  small  air  !  '  ° 
space.  This  type  of  arrester  has  -8  | 
been  standartused  by  the  West-  2  '  & 
inghouse  Co.  for  traction  circuits  "?^  g 
not  exceeding  1000  volts.  :^  ,        | 

The  car   wiring   (see  Pig.  ^        ^ 

236)  may  be  divided  into  two  S  ,       ^ 

portions,  viz,  (1)  the  wiring  for  |         g 

the    lights   and   destination  in-  ".  . 

dicators,  (2)  the  wiring  for  the  ^  ? 
power  circuite.     The  former  is 
located  in  casing,  with  switehes 
and  fuses  to   control   the  lamp 

circuite,  the  supply  being  tapped  ^ 

ofi  the  line  side  of  the  canopy  ^  . 
switch.     Each    circuit    usually 
consiste  of  five  106-volt  lamps, 
connected  in  series. 

In  modem  equipments  the  wiring  for  the  power  circuite  consist  of 
two  muiti-core  cables  (one  along  each  aide  of  the  car),  with  distinctive 
colours  to  the  separate  cables.  These  cables  interconnect  the  con- 
trollers, and  tappings  are  brought  out  at  suitable  points  for  connection 
to  the  motors,  rheostate,  and  brakes,  as  shown  in  Fig.  236. 


}. 
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CHAPTER  XIV 

AUXILIARY  ELECTRICAL  EQUIPMENT  FOR  ELECTRIC  LOCOMOTIVES 

AND  MOTOR-COACHES 

In  addition  to  the  motors  and  control  equipment  described  in  Chapters 
IV  and  IX,  locomotives  and  motor-coaches  must  be  equipped  with 
current-collecting  gear,  apparatus  for  operating  the  brakes,  apparatus 
for  ventilating  the  motors  (when  these  are  of  the  forced-ventilated 
type) ;  while,  for  high-voltage  continuous-current  equipments,  a  motor- 
generator  will  be  required  to  supply  the  lighting  and  control  circuits. 
With  single-phase  equipments  the  control  and  lighting  circuits  may  be 
supplied  from  tappings  on  the  main  transformers  or  from  a  separate 
transformer. 

Dealing  first  with  the  current-collecting  gear.  This  is  naturally 
divided  into  two  classes,  according  to  the  position  of  the  conductor  from 
which  the  supply  of  current  is  obtained.  When  conductor  rails  are 
adopted,  the  current  collector  takes  the  form  of  a  cast-iron  or  cast-steel 
collector-shoe,  which  is  maintained  in  contact  with  the  conductor  rails 
either  by  its  own  weight  or  by  means  of  a  spring. 

OoUector-shoes  may  be  divided  into  three  types,  according  to  the 
types  of  conductor  rail  (see  Chapter  XXIII).  In  this  country  the  top 
contact  conductor  rail  is  generally  used,  and  a  typical  collector  shoe  is 
illustrated  in  Fig.  237.  The  contact  shoe  is  supported  by  a  pair  of 
links  from  two  castings  bolted  to  a  '^  shoe  plate,"  the  latter  being  fixed 
to  an  insulating  support  attached  to  the  axle  boxes  or  the  motor  frame. 
The  links  allow  of  vertical  motion  of  the  shoe,  and  the  lowest  position 
of  the  latter  is  adjustable  by  means  of  the  serrations  on  the  shoe-plate 
and  the  supporting  castings.  In  most  cases  the  weight  of  the  shoe  is 
of  the  order  of  30  to  40  lb.,  which  is  sufficient  to  ensure  satisfactory 
contact  between  the  shoe  and  conductor  rail.  Under  normal  conditions 
a  shoe  of  the  type  illustrated  is  capable  of  collecting  about  2000  amperes 
at  speeds  up  to  30  ml.p.h. 

When  the  conductor  rails  are  located  outside  the  track  rails,  the 
collector-shoes  are  attached  to  an  oak  beam,  which  is  fixed  to  the  axle- 
boxes,  or  to  a  part  of  the  truck  frame  directly  connected  to  the  axle- 
boxes,  {e.g.  the  equaliser  bars  in  an  equalised  bogie).  In  the  other 
position  of  the  conductor  rails  (i.e.  between  the  track  rails)  the  collector- 
shoe  is  either  attached  to  an  oak  block  (which  is  bolted  to  a  bracket  fixed 
to  the  motor  frame)  or  to  an  oak  beam  at  the  end  of  the  truck,  this 
beam  being  connected  to  longitudinal  channels  carried  from  the  axle- 
boxes.     An  example  of  the  application  of  the  first  method  is  shown  in 
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Fig.  277  {p.  332).  It  ehould  be  noted  that,  when  passing  round  curves, 
the  tmnsverse  morementB  of  the  shoes  will  be  the  greater,  the  greater 
the  diotaoce  of  the  shoes  from  the  pivotal  centre  of  the  truck. 


Fio.  237. — B.T.-H.  Collector  Shoe  for  Top-contact  Conductor  Reils. 

The  under-contact  conductor  rail  (see  Fig.  412,  p.  497)  requires  the 
position  of  the  current-collecting  portion  of  the  shoe  to  be  approximately 
at  right  angles  to  the  shoe  plate.     A  typical  coUector-shoe  for  an 


Fio.  238.— B.T.-H.  Collector  Shoe  for  Under-contsct  Conductor  RbJIh. 

onder-contact  conductor  rail  is  illustTat«d  in  Fig.  238.  The  contact 
portion  or  slipper  E  is  hinged  to  a  bracket  D.  which  is  bolted  to  the  shoe- 
plate  P,  and  the  pressure  between  the  slipper  and  the  conductor  rail  is 
obtained  hy  springs.    The  extreme  positions  of  the  slipper  are  Umited 
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by  stops.    This  type  of  collector-shoe  has  also  been  developed  for  use 
with  the  top-contact  type  of  condnctor  rail. 

The  collector  shoe  which  has  been  developed  for  the  side-contact 
conductor  rail  (see  Fig.  415)  on  the  1200-volt  lines  of  the  Lancashire 


Fia.  239. — Collector  Shoe  for  l2DD-volt  Side-contact  Conductor  Rail  (Lanca- 
shire and  Yorkshire  Railway).  The  protective  covering  over  the  up[>eF 
part  ot  the  shoe  is  not  in  position.  In  the  lower  view  the  shoe  is  in 
poaition  against  the  conductor  rail.  This  view  shows  also  the  efllcient 
manner  in  which  the  conductor  rail  is  protected. 

and  Yorkshire  Railway  is  illustrated  in  Fig.  239.  The  cast-eteel  contact' 
shoe  is  hinged  to  a  bracket  which  is  bolted  to  a  vertical  serrated  shoe- 
plate,  the  latter  being  fixed  to  an  oak  beam  carried  on  lugs  from  the 
axle  boxes.  The  shoe  is  pressed  against  the  contact  sunace  of  the 
conductor  rail  by  a  spiral  spring,  the  normal  pressure  between  the  con- 
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tact  surfaces  being  26  tb.,  and  the  transyerse  motion  being  limited  by 
stopB.  The  upper  portion  of  the  shoe  is  completely  protected  by  jatTah 
wood,  the  lower  edge  of  the  protection  being  only  4J  in.  above  the 
protection  on  the  conductor  rail. 

The  collection  of  current  from  an  overhead  conductor  requires  a 


level  trolley  wire  and  a  collector  of  small  inertia,  bo  that  the  latter  can 
readily  follow  any  varations  in  the  height  of  the  trolley  wire.  The  use 
of  the  trolley-wheel  is  generally  restricted  to  tramways,  although  it  is 
used  to  some  extent  on  inter -urban  railways  in  America.  The  current- 
collecting  capacity  of  the  larger  wheels  may  be  as  high  as  800  amperes 
at  low  speeds,  and  200  amperes  at  speeds  of  from  50  to  60  ml.p.h.*  On 
a  large  railway  system,  however,  the  use  of  a  trolley  wheel  would  not  be 
•  This  current-ooUocting  capacity  con  only  be  obtained  with  a  level   trolley 
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tolerated,  and  the  current  collector  must  be  of  the  bow  or  pantagraph 
type. 

The  bow  collector  (Fig.  240)  is  largely  used  on  the  Continent,  and  is 
an  adaptation  of  the  collector  used  on  Continental  tramways,  while  the 

Santagraph  collector  (Fig.  241)  is  standard  for  all  the  important  electri- 
cations  in  America. 
The  collector,  whether  of  the  bow  or  pantagraph  type,  is  usually 


FiO.  241. — Westinghouse  Pantagraph  Collector  for  Single-phase 

Locomotives  and  Motor-coaches. 

maintained  in  contact  with  the  troUey  wire  by  means  of  springs,  while 
the  raising  and  lowering  operations  are  performed  by  air  cylinders  as 
described  below. 

A  typical  example  of  a  bow  collector  is  illustrated  in  Fig.  240. 
Collectors  of  this  type  are  in  service  on  the  motor-coach  trains  running 
on  the  suburban  (6600-volt  single-phase)  lines  of  the  London,  Brighton, 
and  South  Coast  Railway,  and  operate  over  a  wide  range  of  positions, 
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the  lowest  position  of  the  trolley  wire  being  about  14  ft.  above  the  rails, 
while  the  highest  position  is  21  ft.  Two  bows  (one  for  each  direction 
of  motion)  are  arranged  on  a  channel-steel  framework,  which  is  mounted 
on  a  double  set  of  insulators  located  on  a  flat  portion  of  the  roof  over 
the  luggage  compartment  of  the  coach.  The  bows,  when  lowered,  are 
arranged  to  lie  inside  each  other,  so  that  the  overall  height  of  the  current- 
collecting  apparatus  is  reduced  to  a  minimum.  Each  bow  consists  of  a 
light  tubular  framework  which  is  fixed  to  a  shaft,  the  latter  being  mounted 


Fig.  242. — Oerlikon  Pantagraph  Collector  for  Single-phase  Locomotives. 

in  bearings  carried  on  a  channel-steel  framework.  The  bow  is  main- 
tained in  the  raised  position  by  means  of  an  air  cylinder  acting  against 
a  set  of  springs,  the  piston-rod  and  springs  being  connected  to  levers  on 
the  shaft  (the  piston-rod,  of  course,  bemg  insulated  from  the  shaft). 
The  springs  and  levers  are  arranged  to  give  a  uniform  pressure  (of  about 
12  lb.)  between  the  bow  and  the  trolley  wire  over  the  whole  operating 
range. 

The  air  cylinders  are  supplied  with  compressed  air  *  from  a  distri- 
buting valve,  which  is  operated  by  the  reverser,  so  that  the  bow  in 

*  A  hand  pump  is  provided  for  raising  the  bow  when  there  is  no  air  supply. 
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contact  with  the  trolley  wire  corresponds  to  the  position  of  the  reverBer. 
Thus,  when  the  train  is  revereed,  the  bows  change  over  automatically 
as  soon  as  the  Teverser  is  thrown  to  the  "  reverse  "  position.  In  changing 
over,  the  second  bow  is  raised  before  the  one  in  contact  with  the  trolley 
wire  is  lowered :  this  avoids  interrupting  the  primary  circuit  of  the 
main  transformers. 

The  top  portion  of  each  bow,  which  makes  contact  with  the  trolley 
wire,  is  fitted  with  a  wearing-strip  of  aluminium,  and  this  wearing-strip 
is  provided  with  a  groove  for  the  reception  of  a  lubricant  (generally  a 
mixture  of  vaseline  and  graphite).  The  wearing-strips  will  run  about 
6000  miles  before  requiring  renewal. 

The  current  is  conveyed  to  the  high-tension  chamber  (which  is 


located  in  the  end  of  the  coach  under  the  bows)  by  a  connection  which 
passes  through  a  special  insulator  in  the  roof.  Each  bow  is  mechani- 
cally interlocKed  with  the  doors  of  the  high-tension  chamber  so  that  this 
chamber  cannot  be  opened  until  boUi  bows  are  lowered.*  (See 
Chapter  XVI,  p.  348,  for  particulars  of  the  high-tension  chamber.) 

When  a  single  bow  collector  is  required  to  operate  in  both  directiona 
of  motion,  the  upper  portion  of  the  bow  framework  is  fitted  with  a  small 
reversing  bow,  which  is  spring  controlled  independently  of  the  main 
framework ;  the  latter,  of  course,  being  controlled  by  springs  and  air 
pressure  in  the  usual  manner.  This  auxiliary  bow  forms  the  current 
collector  and  accommodates  itself  to  slight  variations  in  the  height  of 
the  trolley  wire,  large  variations  in  height  being  taken  care  of  by  the 
main  framework.  Examples  of  bow  collectors  operating  on  this  prin- 
ciple will  be  found  in  Figs.  341,  342  (p.  404).  In  these  ca^es  (which 
refer  to  three-phase  railways)  the  main  framework  of  each  collector  is 

*  All  hiRh-tension  chamberB  should  b«  fitted  with  a  device  of  this  nature,  and 

1  additiuUHl  precaution,  the  opening  of  the  doors  should  automaticallf  earth 
"       "'  ■  n  from  the  bows. 
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fitted  with  two  auxiliary  bows,  which  are  insulated  from  the  framework, 
Bince  the  wires  with  which  they  make  contact  belong  to  different  phases 
of  the  supply  system. 

The  pantagraph  collector  (Fig.  241)  consists  of  a  light  pentagonal 
framework  with  the  lower  members  fixed  to  shafts  which  work  in  bearings 
formed  in  the  supporting  insulators.  The  apex  of  the  framework  carriea 
the  current  collector,  which  may  be  in  the  form  of  a  sliding  contact- 
stnp  or  a  roller.  The  shafts  are  inter-connected  by  linkwork  so  that  the 
apex  of  the  collector  is  constrained  to  move  in  a  straight  line  perpen- 
dicuhir  to  the  base.  Each  shaft  is  also  fitted  with  levers,  to  which  the 
controlling  springs  and  piston-rods  of  the  air  cylinders  are  connected. 


Usually  the  collector  is  maintained  in  the  raised  position  by  the  springs 
(which  are  in  tension),  and  it  is  lowered  by  admitting  air  to  the  cylinder. 
With  this  method  of  operation  the  collector  must  be  locked  in  its 
lowest  position  in  order  to  prevent  it  rising  due  to  leakage  of  air  from  the 
cylinder.  The  collector  is  raised  by  admitting  air  to  an  auxiliary  cylinder 
(thereby  releasing  the  locking-down  cat«h)  and  releasing  the  air  from  the 
main  cylinder. 

When  the  current-collector  is  of  the  sUding-contact  type,  the  con- 
tact may  consist  of  a  strip  of  aluminium  fixed  to  a  small  bow  pivoted 
to  the  top  of  the  pantagraph,  as  shown  in  Fig.  242.  This  type  of 
collector  is  in  use  on  the  Continent,  but  in  this  country  and  America 
the  sliding  contact  is  of  the  "pan"  tj^,  and  consists  of  a  thin  sheet 
of  steel — about  6  in.  wide — provided  with  a  groove  tor  the  reception 
of  the  lubricant.  The  pan  is  pivoted  to  the  top  of  the  pantagraph 
frame  and  is  fitted  with  supplementary  springs  to  ensure  an  even  con- 
tact. In  some  recent  types  of  this  collector  two  pans  are  provided,  each 
aboat  5  in.  wide  by  42  m.  long,  the  upper  surfaces  of  which  are  fitted 
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with  copper  bars  which  results  in  a  large  current -collecting  capacity.* 
With  the  ordinary  type  of  sheet  eteel  pan  the  current-collecting  capacity 
is  limited  to  about  ISO  amperes  at  moderate  speeds,  which  is  also  the 
limit  lor  the  bow  type  of  collector. 

A  larger  current-collecting  capacity  can  be  obtained  from  a  rolling 
contact,  since  a  greater  pressure  can  be  used  between  the  roller  and  the 
trolley  wire  than  is  possible  with  a  sliding  contact.  A  roller  pantagrapll 
collector  is  illustrated  in  Fig.  243.  The  roller  (which  usually  consists 
of  a  steel  tube  5  in.  in  externa)  diameter,  |  in.  thick  and  2  ft.  long)  is 
carried  in  ball  (or  roller  bearings)  at  the  top  of  the  pantagraph  frame, 


and  the  latter  is  provided  with  downwardly  projecting  horns  to  prevent 
the  collector  fouling  the  wires  at  junctions-f 

A  single  roller  is  capable  of  collecting  a  current  of  500  amperes  at 
moderate  speeds,  and  has  a  life  considerably  longer  than  that  of  the 
sliding  type  of  collectors.  J 

The  atixiliary  apparatus  required  for  operating  the  brakes  § 

*  A  collector  of  this  type  has  successfully  collected  2000  ampfires  at  speeds  up 
to  40  ml. p. h.      Seo  Genrral  Eltclrir  Revieie.  voi.  17.  p.  1131. 

■f  For  further  data  relating  to  roUer-type  pantagraph  collectors,  see  papers  in 
the  June  and  Auguxt  (1915)  numbers  (vol.  34)  of  thi^  ProceedingK  of  thf  Amencan 
Inttitutf,  of  EUctrical  Engineera. 

X  The  life  of  the  contact  portion  of  the  roller  has  been  siateA  to  be  over  15.000 
miles  in  a  service  requiring  the  collection  of  SOO  amperes  during  acceleration.  Sev 
Oeneral  ElfclHc  Ratifui,  vd.  17,  p.  1130. 

f  A  description  of  the  equipment  for  the  compresseil  air  and  vacuum  brakes 
U  ^ven  at  the  end  of  Chapter  XVI. 
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compriBes  an  electricalljr-driven  compressor  (or  exhauster)  and  means  for 
automatically  maintaining  the  air  pressure  (or  vacuum)  at  the  correct 
value. 

The  compressor  is  usually  of  the  single-stage  two-cylinder,  single- 
acting  type,  and  is  driven  by  a  small  motor  (of  5  to  10  H.P.),  the  motor 
and  compressor  being  bolted  together  to  form  a  self-contained  unit 
(see  Pigs,  244,  245).    With  compressors  for  motor- coaches,  a  moderate- 
speed  motor  is  adopted  in  order  to  reduce  the  weight,  and  the  compressor 
is  driven  through  double -helical  spur  gearing.    Fig.  244  is  representa- 
tive of  compressors  for  motor-coaches.    With  compressor  equipments 
for  locomotives,  a  slow- 
speed   motor   can    be 
adopted,  and  the  com- 
pressor is  then  driven 
directly  from  the  arma- 
ture shaft,  as  shown  in 
Pig.  245. 

The  motor  is  of  the 
series  type  for  con- 
tinuous -  current  cir-  ' 
cuits,  but,  'for  alter- 
nating-current circuits, 
either  the  series  or  the 
repulsion  types  are 
available.  The  start- 
ing and  stopping  of 
the  motor  is  controlled 
by  a  contactor  (called 
the  governor)  actuated 
by  air  pressure. 

The  single  -  stage 
compressors  for  use 
on  motor-coaches  and 
light  locomotives  are 
built  in  various  capa- 
cities up  to  60  cubic  ft.  (piston  displacement)  per  minute  at  normal 
air  pressure  (80  to  90  lb.  per  sq.  in.).  When  larger  compressors  are 
required  {e.g.  for  heavy  locomotives  hauling  long  trains  equipped  with 
air  brakes)  the  two-stage  type,  with  three  or  four  cylinders,  is  adopted. 
In  this  case  higher  pressures  (up  to  160  lb.  per  sq.  in.)  are  used,  and  an 
inter-cooler  is  provided  between  the  low-  and  high-pressure  cylinders. 

A  g^Temor  is  illustrated  in  Pig.  246.  The  operating  mechanism 
consists  of  a  piston  A ,  which  is  pressed  against  a  diaphragm  Bhja.  strong 
spring  C,  the  other  side,  D,  of  the  diaphragm  being  connected  to  the  main 
reservoir.  The  piston  operates  the  conta«ter  E  through  a  linkwork 
which  is  designed  to  give  a  quick  closing  and  a  quick  opening  action 
to  the  contacts.  The  governor  is  designed  so  that  the  contactor  will 
open  at  a  given  air  pressure  and  close  when  a  slight  reduction  in  pressure 
takes  place,  the  difference  between  the  opening  and  closing  pressures 
beiiw  adjustable  between  8  to  15  lb.  per  sq.  in.  The  air  pressure  at 
which  the  contactor  opens  depends  on  the  compressive  force  of  the  spring, 
and  the  latter  can  be  adjusted,  within  certain  limits,*  by  means  of  suit- 
•  The  standard JimitB  are  :— 40-nO  ;  05-100  ;   100-140  lb.  per  eq.  in. 
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able  screws  in  the  closed  end  of  the  cylinder.  The  contactor  is  provided 
with  a  magnetic  blow-out  and  connects  the  motor  directly  to  the  circuit, 
the  motor  being  designed  so  that  the  initial  current-rush  on  a  600-volt 
circuit  does  not  exceed  about  twice  the  normal  running  current. 

The  exhauster  or  yftcnnm  pump  (which  is  used  with  vacuum  brakes) 
is  usually  driven  from  the  motor  through  a  spring  coupling.  In  some 
cases  the  motor  is  run  continuously  at  half-speed  (for  the  purpose  of 
maintaining  the  vacuum),  and  is  automatically  switched  over  to  full . 
speed  when  the  brake  valve  is  moved  to  the  "  oflE "  or  *'  release  "  posi- 
tion.   In  other  cases  the  motor  is  controlled  by  an  automatic  governor 

which  is  arranged  to  start  the 
motor  when  the  vacuum  falls 
to  15  in. 
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Fio.  247. — Diagram  of  Circuits  of  Dynamotor. 


An    electricallv  -  driven 

blower  is  required  on  loco- 
motives when  forced  -  venti- 
lated motors  are  used.  The 
blower  delivers  air  at  a  small 
pressure  (6  to  8  iji.  of  water) 
into  a  central  duct — ^built  into 
the  underframe  of  the  loco- 
motive body — ^from  which  it 
is  distributed  to  the  motors. 
Blowers  aresometimesadopted 
on  single-phase  motor-coaches, 
as  for  example  on  the  Midland 
Railway. 


Dynamotor. — When  con- 
tinuous-current railways  oper- 
ate at  voltages  above  750  volts, 
it  is  necessary  to  provide  a  machine  to  supply  the  lighting  and  control 
circuits  with  current  at  a  suitable  voltage  (e.g.  500  to  600  volts).  For 
this  purpose  a  continuous-current  motor-generator — consisting  of  a  high- 
voltage  motor  and  a  low-voltage  generator — could  be  used,  but  a  more 
efficient  and  less  costly  machine  can  be  obtained  by  the  use  of  a  common 
field  frame  and  armature  core,  the  latter  being  wound  with  two  wind- 
ings, each  of  which  is  connected  to  a  separate  commutator.  Such  a 
machine  is  known  as  a  "  dynamotor  "  or  reducer. 

When  the  ratio  of  the  voltages  is  small,  the  two  armature  windings 
may  be  connected  in  series  across  the  supply,  as  shown  in  Pig.  241 
This  arrangement  of  the  connections  resembles  that  of  the  alternating- 
current  auto-transformer,  and  results  in  a  light  and  an  efficient  machine. 
Thus,  if  the  machine  is  for  use  on  a  1200-volt  circuit,  each  armature 
winding  would  be  wound  with  the  same  number  of  turns,  of  practically 
the  same  size  of  conductor,  while  the  commutators  would  have  the 
same  number  of  segments,  although  the  commutator  on  the  "  line  " 
side  would  require  to  be  insulated  for  1200  volts  to  earth.  A  machine 
of  this  kind  is  generally  provided  with  two  series  windings  and  a  shunt 
winding — connected  as  shown  in  Fig.  247 — ^the  connection  to  the  lighting 
and  control  circuits  being  taken  from  the  junction  of  the  two  series 
windings.     When  there  is  no  load  on  the  low- voltage  circuit,  both 
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armatures  are  connected  in  series,  and  all  the  field  windings  are  acting 
in  the  same  direction,  the  excitation  being  derived  almost  entirely  from 
the  shunt  winding.  When  the  low-voltage  circuit  is  loaded,  the  arma- 
ture connected  to  the  line  acts  as  a  motor,  while  the  other  armature 
acts  as  a  generator,,  so  that  its  series  field  is  in  the  opposite  direction 
to  that  of  the  motor  and  the  shunt  winding.  By  suitably  proportioning 
the  two  series  windings,  a  practically  constant  flux  and  speed  can  be 
obtained  for  all  loads. 

In  America  the  dynamotor  has  been  combined  with  the  compressor 
and  the  blower,  the  latter  being  mounted  on  an  extension  of  the  arma- 
ture shaft,  while  the  former  is  driven  throu^  a  pneumaticaJly-operated 
clutch  controlled  by  the  air  pressure  in  the  main  reservoir.  In  this 
mamier  a  considerable  saving  in  weight  and  space  is  obtained.  Of 
course,  with  a  mcKshine  of  this  t3rpe  the  speed  will  not  remain  constant 
at  all  loads,  but  will  be  lower  when  the  compressor  is  working,  due  to 
the  additional  series  field  ampere-turns  produced  by  the  motor. 


CHAFfER  XV 
ROLLING  STOCK  FOR  ELECTRIC  TRAMWAYS 

The  double-deck  type  of  car,  mounted  on  either  a  single  truck  or  a 
pair  of  bogie  trucks,  is  used  almost  exclusively  on  tramways  in  this 
country,  and  on  the  larger  systems  the  upper  deck  is  usually  covered 
in.  In  some  cases  the  top-deck  covers  are  removable,  but  more  gener- 
ally they  are  integral  with  the  car-body,  and  the  sides  are  provided  with 
drop  sashes. 

The  single-deck  type  of  car  has  only  a  limited  application  in  this 
country,  and  is  adopted  where  the  conditions  are  not  favourable  for 
double-dbck  cars.  In  America  and  on  the  Continent,  however,  the 
climatic  conditions  necessitate  a  closed  car,  and  the  double-deck  car  is 
the  exception.  Moreover,  in  some  American  cities  there  is  insufficient 
headroom  for  the  ordinary  double-deck  car,  and  the  recent  introduction 
of  this  type  of  car  in  New  York  required  a  special  design,  having  a  total 
height  of  13  ft.  6  in.  (against  16  ft.  for  a  standard  British  design).  The 
type  of  car  is,  of  course,  largely  influenced  by  the  traffic  conditions, 
which  in  America  require  a  car  which  can  be  loaded  and  unloaded  in 
the  minimum  time. 

Among  the  considerations  which  affect  the  choice  of  a  car  for  a 

given  line,  the  following  are  the  more  important :  (1)  gauge,  curvature, 
and  contour  of  the  track ;  (2)  height  of  the  lowest  bridge  from  the 
track  ;  (3)  class  of  traffic. 

The  gauge  influences  the  total  width  of  the  car-body,  and  conse- 
quently the  passenger  accommodation.  With  the  usual  arrangement 
of  longitudinal  side-seats  on  the  lower  deck,  the  width  of  the  car  will 
affect  the  gangway,  but  not  the  seating  accommodation.  On  the  upper 
deck,  however,  where  the  seats  are  arranged  transversely,  the  seating 
capacity  will  be  considerably  restricted  on  narrow-gauge  lines.  Thus, 
with  standard  (4  ft.  8}  in.)  gauge,  four  passengers  can  be  comfortably 
accommodated  in  each  row,  but  with  the  3  ft.  gauge  it  is  only  possible 
to  accommodate  two  passengers  in  each  row  (unless  the  gangway  is  made 
very  narrow).  The  width  of  the  car  is  governed,  to  some  extent,  by  the 
width  of  the  street,  as  it  is  necessary  to  provide  a  minimum  clearance  of 
15  in.  between  passing  cars,  and  between  cars  and  any  standing  work. 
With  standard  gauge  the  maximum  width  of  car  allowed  is  about  7  ft. 

The  curvature  of  the  track  affects  the  wheel-base,  which,  with  single- 
truck  cars,  affects  the  length  of  the  car:  A  curve  of  30  ft.  radius  can 
be  negotiated  by  a  single-truck  car  with  a  rigid  wheel-base  of  6  ft., 
but  to  avoid  excessive  track  wear  the  wheel-base  should  not  exceed 
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6  ft.  6  in.  Thus,  when  this  type  of  truck  is  adopted,  the  length  of  the 
car  is  restricted.  If  the  nature  of  the  trafl&o  warrants  a  larger  car,  then 
it  will  be  necessary  to  adopt  either  double  (or  bogie)  trucks  or  a  radial 
truck. 

The  contour  of  the  line  affects  not  only  the  car  but  also  the  electrical 
and  braking  equipment.  Light  single-truck  cars  are  alone  permissible 
on  heavy  gradients. 

The  height  of  the  lowest  bridge  on  the  system  affects  the  head  room 
on  each  deck,  and  if  the  conditions  are  such  that  a  standard  double-deck 
car  cannot  be  used,  then  either  a  special  car  must  be  designed  or  the 
single-deck  car  adopted. 

The  class  of  traflElc  is  usually  the  deciding  feature  in  the  length  of 
the  car.  Heavy  traffic,  of  course,  requires  large  cars  moimted  on  bogie 
trucks,  but  if  heavy  gradients  have  to  be  negotiated  it  may  be  neces- 
sary to  adopt  single-truck  cars. 

Cabs 

A  typical  example  of  a  modern  double-deck  car  mounted  on  a  single 
truck  (of  the  Peckham  swing-axle  type)  is  shown  in  Fig.  248.  The]  car 
is  provided  with  a  covered  top  deck  and  vestibuled  platforms  on  the 
lower  deck.*  On  some  cars  the  vestibule  can  be  completely  closed  with 
doors,  as  shown  in  Fig.  248a. 

As  the  standard  t3rpe  of  car  is  sufficiently  well  known  to  render  a 
detailed  description  unnecessary,  we  shall  now  consider  some  new  types 
of  cars  which  have  been  designed  to  facilitate  the  expeditious  handling 
of  heavy  traffic.  Of  these  the  Liverpool  twin-staircase  car  t — ^illus- 
trated in  Fig.  249 — ^is  perhaps  the  most  interesting  example  in  this 
country.  It  will  be  seen  that  two  staircases  are  provided  at  each  end 
of  the  car — one  for  the  Q^^sengers  Altering  and  the  other  for  the  pas- 
sengers leaving — while  the  platforms  are  unusually  large,  in  order  to 
facilitate  the  transference  of  the  passengers  to  the  upper  and  lower 
decks.  The  car  has  a  seating  capacity  for  72  passeqgers  (32  on  lower 
deck,  40  on  upj)er  deck),  while  standing-room  is  provided  for  9  passengers 
on  the  lower  deck.  The  car  illustrated  in  Fig.  249  is  mounted  on  a 
Peckham  radial-axle  truck,  but  a  number  of  similar  cars  are  mounted 
on  rigid-axle  trucks  (of  the  type  shown  in  Fig.  263,  p.  301)  with  a  wheel- 
base  of  8.  ft.  The  equipment  of  these  cars  consists  of  two  50-H.P. 
commutating-pole  motors.  The  principal  dimensions  and  weight  of 
the  car  are  given  in  Table  X,  together  with  those  of  standard  cars. 

In  America  the  cars  recently  introduced  for  heavy  street  traffic  are 
of  the  centre-entrance  (or  ''  stepless  ")  type,  with  the  pay-as-you-enter 
(P-A-Y-E)  X  system  of  fare  collection,  and  as  an  example  we  may  con- 
sider briefly  the  cars  operating  on  the  New  York  conduit  lines.  A 
view  of  a  single-deck  car  is  shown  in  Fig.  250. 

The  car-body  is  built  of  steel,  with  the  exception  of  the  floor,  window- 
posts,  he€kd-lining,  and  roof-boards.    The  floor  at  the  entrance  is  only 

•  These  veatibuled  platforms  have  recently  been  introduced  on  a  number  of 
tramways  in  this  country. 

t  Designed  by  Mr.  C.  W.  Mallins  (General  Manager.  Liverpool  Corporation 
Tramways ).  to  whom  the  author  is  indebted  for  the  photograph  of  this  car  and  the 
data  given  in  the  text  and  Table  X. 

X  This  system  of  fare  collection  is  largely  adopted  in  America  for  city  traffic. 
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10  in.  above  the  track  rails,  and  at  the  motonnan'e  compartments  it 
is  raised  to  2  ft.  8{  in.  so  as  to  clear  the  motors.  At  the  ends  of  the 
passenger  compartment,  however,  the  floor  is  16  in.  above  the  rails. 
The  low  floor  has  necessitated  the  use  of  trucks  with  exceptionally  low 
bolsters,  the  top  of  the  bolster  being  only  ]2|  in,  above  the  rails. 

The  centre-entrance  principle  has  also  been  incorporated  into  the 
design  of  double-deck  cars,  of  which  an  example  Is  illustrated  in  Fig.  261. 


11 


This  type  of  car  is  also  in  service  in  New  York,  and  has  been  designed 
with  a  very  low  overall  height,  in  order  to  clear  the  viaducts  of  the 
elevated  railways.  The  car  accommodates  an  exceptionally  large 
number  of  standing  passengers — 42  on  the  lower  deck  and  41  on  tie 
upper  deck — although  the  seating  capacity  (88)  is  only  slightly  greater 
than  that  (78)  of  the  double-deck  cars  on  the  London  County  Council 
tramways.     The  seating  and  standing  capacity  of  each  of  these  centre- 
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eatiance  oare,  t<^ther  with  the  weights  and  principal  ditnensionB.  are 
given  in  Table  X.* 

With  the  centre-entrance  type  of  car  it  ia  essential  that  the  under- 
frame,  and  a  large  portion  of  the  car-body,  be  constructed  of  steel  in 
order  to  obtain  sufficient  strength.  A  steel  construction  usually  results 
in  an  increased  weight,  so  that  it  is  necessary  to  design  all  parte  care- 
fully with  the  object  of  avoiding  the  use  of  any  unnecessary  material. 


Fig.  262  illustrates  a  steel  car-body  (for  a  centre -entrance  car)  during 
construction. 

With  the  standard  type  of  double-deck  car,  the  car-body  is  built 
principally  of  wood,  while  the  underframe  is  constructed  either  of  oak 
(with  the  principal  members  reinforced  by  steel  sections  or  steel  plates), 
or  entirely  of  rolled  steel  sections. 

The  underframe  for  a  bogie  car  is  usually  constructed  entirely  of  steel 
sections,  as,  in  this  case,  the  entire  weight  of  the  car  must  be  supported 
at  two  points,  viz.  the  truck  bolsters. 

The  floor  is  usually  constructed  of  pine  boards,  provided  with  slats 
of  hard  wood  for  wearing  purposes,  and  two  or  more  removable  traps 
are  fitted  over  the  motors  to  allow  of  the  latter  being  inspected. 
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The  roof  of  cars  which  are  equipped  with  troUeya  must  be  specially 
reinforced  to  withstand  the  strains  produced  by  the  trolley.  It  is  the 
usual  practice  to  fix  the  trolley  to  a  "  trolley  board,"  extending  nearly 


the  whole  length  of  the  roof,  and  to  construct  the  latter  with  alternate 
car-linea  of  eteel. 

A  reference  to  the  Board  of  Trade  regulations  (p.  640)  will  show  that 
it  is  necessary  to  provide  cars  with  folding  steps,  collapsible  'gates,  life 
guards,  head  and  rear  lights,  destination  indicators,  gongs,  mechanical 
brakes,  and  sanding  gear.  A  number  of  these  fittiugs  can  be  seen  in 
Fi^.  248,  248a. 
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TABLE   X 
Data  of  Tbamcabs 


Clan  of  Car. 


Length  over  all  ...    . 
Length    of    body    (over 
cx>mer  posts)  .... 
Length  of  each  platform 

Width  over  all  (maximnm) 
Width  over  aide  pillan  of 

body 

Width  over  side  bHU  (at 

floor  level) 

Clear    height    of    lower 

saloon  at  centre  .    .    . 
Clear    height    of    upper 

saloon  at  centre  .    .    . 

Height  of  floor  above  rail 

Total  height  to  top  of 
trolley  -  board  (from 
raUs) 

Total  height  over  dwarf 
trolley  standard  (from 
rails) 

Number  of  seated  pas- 
sengers (lower  deck)   . 

Number  of  seated  pas- 
sengers (upper  deck)    . 

Number  of  standing  pas- 
sengers Hower  deck) 

Number  of  standing  pas- 
sengers (upper  deck)    . 

Maximum  number  of 
passengers 

Class  of  truck     .... 

Wheel-base 

Diameter  of  wheels     .    . 

Centres  of  bolsters .    .    . 

Motor  equipment  .    .    . 

Weight  of  car  fully  equip- 
ped but  without  pas- 
sengers   

Weight  of  car  with  maxi- 
mum number  of  pas- 
sengers   


Standard 
British 
jjouble- 
deck. 
Single- 
truck  Car. 


icr  4" 

«    0" 


r  Of 

6'    0" 
ff    4" 
6'  101" 
2'  10" 

15'    8" 

Iff    1" 

22 

36 

0 

0 

58 
21 E 

6'    6" 

32i" 

2-40  H.P. 
lOitons 
14^  tons 


Standard  London 
County  Council  CSars. 


Double 

Deck,  Bogie 

Trucks. 


sy  lOT' 

22'    2" 
5'  10" 


r  \" 

(T  8" 

ff  8" 

(T  21" 

(T  li" 

2*  9i" 

16'    8i' 

Iff    14" 
32 
46 
11 


80 

maximum 

traction 

4'    ff' 

\  2l!" 

lO'    ff' 

2-42  H  J». 


14i  tons 


20*4  tons 


Single 

Deck,  Bogie 

Trucks. 


sy  9" 

24'  10" 
3'    %k' 


ff  10" 
ff  8" 
ff  8" 
ff    \\"* 

•  • 

a  9i" 


Liverpool 

Twin- 

staircase 

Car,  Single 

Truck. 


36 


12 


48 
maximum 
traction 
4'    ff' 

MR 

10'    ff' 
2-42  H  J. 


14*4  tons 


17-4  tons 


SB'    4" 

17'    4" 

7'    ff' 


r  4" 
ff  10|" 
ff  6" 
ff  6" 
ff  2" 
2*  lOJ" 

Iff    2" 

Iff    8" 

32 

40 

0 

0 

81 
21£ 

ff    0" 
32}" 

2-60  H.P. 
18}  tons 
18*7  tons 


New  York  Centrs- 
entrance  Cvn. 


Single 
Deck,  Bogle 
Trucks. 


4ff    ff' 

84'    ff' 

S'  Iff' 

centre 

entrance 

ff    ff' 

ff  2" 
ff  2" 
7'  lU" 


Double 

Deck,  Bogle 

Trucks. 


44'    ff' 
34'    4i" 

ff  ir 

oentiv    ' 
entrance 

ff*r   " 
ff  r 
ff  r   I 

ff    T 


ff  11' 

(atgaagtraj): 
10^  at  centre  1 1"  at  centre 


entrance 


61 


38 


80 

maximum 

traction 

5'    0" 

3ff' 

19" 

20'    0" 

2-60  H.P. 


{ 


16^  tons 


21 '8  tons. 


entrance  , 
isr  Iff' 


44 
44 

42 

41 

171 

maximum 

tisction 

6'   ff' 

3ff' 

Iff' 

2ff    ff' 

2-60  H.r. 

aOitons 

31*3  tons 


•  Clerestory  roof. 


Trucks 

Trucks  for  tramcars  may  be  divided  into  two  classes,  viz.  (1)  single 
trucks,  (2)  bogie  trucks. 

Single  trucks  may  be  subdivided  into  three  types,  viz.  (a)  trucks 
in  which  the  axles  are  maintained  rigidly  parallel  (called  rigid-axle 
trucks),  (6)  trucks  in  which  the  axles  are  allowed  transverse  oscillatory 
movement  (called  swing-axle  trucks),  (c)  trucks  in  which  the  axles  are 
allowed  radial  as  well  as  transverse  movement  (called  radial-axle  trucks). 
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Bogie  trucks  may  be  subdivided  into  two  types,  viz.  (rf)  the  maximum 
traction  bogie  truck,  in  which  the  pivotal  centre  is  displaced  from  the 
centre  of  the  truck  towards  one  of  the  axles,  (e)  the  equal-wheel  bogie 
truck,  in  which  the  pivotal  centre  coincides  with  the  centre  of  the  truck. 
Each  of  these  types  may  be  tinted  with  either  rigid  azies  or  swing  axles. 

The  choice  of  the  track  is  influenced  by  the  length  of  the  car  and 
the  curvature  of  the  track.  Thus  a  car  18  ft,  over  the  body  can  be 
accommodated  on  a  single  truck  with  rigid  or  swing  axles,  provided 
that  the  curvature  of  the  track  will  allow  of  the  use  of  an  8-ft.  wheel- 
base.  With  the  usual  wheel-base  of  fl  ft.,  the  length  of  the  car  is  limited 
to  16  ft.  over  the  body  and  27  ft.  over  the  platforms.  Longer  cars,  up 
to  23  ft.  over  the  body  and  33  ft.  overall,  can  be  accommodated  on 
single  trucks  with  radial  axtes,  where  a  wheel-base  up  to  13  ft,  can  be 
adopted.  Where  ears  exceed  this  length  it  is  necessary  to  use  bogie 
trucks,  the  wheel-base  of  which,  for  tramway  purposes,  is  usuaUy  from 
4  ft.  to  4  ft.  6  in. 

The  essential  parts  of  a  ri|rid-azle  single  truck  are :  (1)  the  truck 
frame,  which  contains  the  guides  for  the  axle-boxes;   (2)  the  wheels. 


Fig.  253. — Brill  "  21 E  "  Rigid-axk.  SiHRlw  Truck. 

axles,  and  the  axle-boxes ;  (3)  the  supports  for  the  car  body ;  (4)  the 
spring  system;  and  (5)  the  motor  suspension.  The  relative  positions 
of  these  parts  are  shown  in  Figs.  263,  254,  which  illustrate  a  truck  in 
very  extensive  use.* 

This  truck  consists  of  two  forged  steel  side-frames  A  held  together 
by  the  end  frames  B  and  the  diagonal  brace  C.  In  each  side  frame 
two  yokes  are  formed,  which  are  machined  to  receive  the  journal-  or 
axle-boxes  D.  The  latter  are  provided  with  double  "  wings  "  or  pockets 
for  the  reception  of  the  springs  E  which  support  the  side-frames  and 
everything  connected  thereto. 

The  spring  posts  F,  of  which  there  are  four  to  each  side  frame,  are 
connected  together  at  the  top  by  the  "  top  plates  "  G — to  which  the 
aide-sills  (or  sole-bars)  of  the  car-body  are  fixed — and  at  the  bottom  by 
the  truss-rods  H,  The  posts  pass  through  holes  in  the  side  frames, 
thereby  maintaining  the  car-body  and  the  truck  in  the  correct  positions, 
and  taking  all  the  thrusts  between  these  members. 

The  car-body  is  supported  on  the  side  frames  by  a  compound  spring 
Bystem,  consisting  of  eight  spiral  springs  J  and  four  semi-elliptic 
springs  K,  the  function  of  the  latter  springs  being  to  damp  the  oscilla- 
tions of  the  car-body  when  the  car  is  running  at  moderate  speeds. 

•  Originaiiy  developed  by  the  J.  G.  Brill  Co..  and  known  as  the  "21  E"  truck. 
It  is  also  manufactured  by  several  firms  in  this  country.  The  truck  shown  in 
Fig.  253  is  fitted  with  the  latest  type  (known  as  "  wide  wing  ")  axle-boxes,  which 
give  the  truck  a  longer  apring  base  than  the  origina)  typo  of  axle-boxes  (in  which 
the  firings  wore  located  nearer  to  the  yoke),  thereby  improving  the  riding  qualities. 
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It  will  be  seen,  therefore,  that  the  car-body  bas  a  limited  vertical 
motion,  relative  to  the  truck,  while  any  side  motion  is  resisted  by  the 
semi-elliptic  springs,  since  the  spring  post«  are  allowed  some  "  aide 
play  "  in  the  frames. 

The  motor  suspension-bars  L  are  supported  on  the  side  frames  by  a 
double  set  of  springs,  and  in  thia  manner  tbe  unspring-bome  load  on 
the  axle  is  only  about  50  per  cent,  of  the  weight  of  the  motor. 

The  axle-boxes  are  of  malleable  iron  (or  cast  steel)  and  contain  a 
bearing  liner,  which  rests  on  the  upper  part  of  the  axle  journal.  The  . 
lower  portion  of  the  box  forms  an  oil  well,  and  the  journal  is  lubricated 
on  the  pad  system.  Illus- 
trations of  typical  axle- 
boxes  are  given  in  Figs, 
255a  and  2556.  In  the 
axIe-boxBhowninFig.  2d5a, 
the  end  play  of  the  axle  is 
limited  by  a  check -plate 
which  bears  in  a  groove 
formed  in  the  end  of  the 
axle ;  while  in  Fig.  2556 
the  end  play  is  limited  by 
shoulders  at  each  end  of  the 
journal,  the  out«r  shoulders 
being  obtained  by  forming 
tbe  ends  of  the  axle  into 
"  button  heads." 

Tha  hmVa  antam  nm.        ^'^-  265a.— Brill  Axle-box  (Tramway  Type).     A, 

the  braKe  system  pro-  ^.^^^    g  cheok-ptate;  C.  bearing;  A^ oiler; 

Tides  for  a  separate  brake  g,  fibre  waehor;  F,  collar. 

block  to  each   wheel,  the 

brake  blocks  being  suspended  from  a  pair  of  links  carried  from 
brackets  fixed  to  the  end  frames  of  the  truck  (see  Fig.  254).  A  recent 
development  is  the  provision  of  spherical  seats,  where  the  links  are  hinged 
to  the  brackets  and  brake  shoes,  thereby  forming  an  automatic  adjust- 
ment for  wear.  The  brake  shoes  for  each  pair  of  wheels  are  fixed 
to  transverse  bars  if  (Fig.  254),  called  the  "  brake-beams,"  each  of  which 
carries  a  fulcrum  for  the  brake-levers  N,  to  which  the  pull-rods  from 
the  operating  spindles  on  the  platforms  are  attached. 

The  pressure  between  the  brake  shoes  is  equalised  by  means  of  the 
transverse  bars  O  (called  "equalising  levers"),  which  are  connected 
together  by  the  adjustable  rods  R.  At  the  centre  of  each  equalising 
lever  is  fixed  a  bracket  P,  which  is  connected  to  the  brake-lever  by  a 
pin  Q.  The  brake  shoes  are  relea^d  by  the  combined  action  of  gravity 
and  springs,  the  latter  being  attached  to  the  brake-beams  and  to  some 
fixed  part  of  the  truck,  e.g.  the  wheel  guards  when  spiral  springs  are 
used,  and  the  end  frames  when  flat  springs  are  used.* 

When  an  application  of  the  brakes  is  made  from,  say,  the  forward 
end  of  tbe  car,  the  front  brake  lever  (JV)  turns  about  the  fulcrum  T, 
thereby  moving  apart  the  front  brake-beam  and  equalising  lever.    If 

*  See  Fig.  2X1  for  a  detail  view  of  the  brake  gear.  Although  this  illustration 
refeiB  to  a  radial-axb  truck,  the  general  arrangement  of  the  brake  beams,  etjnalising 
levers,  brake 'leven.  and  [pull -oft  sprinfm  is  identical  with  that  on  a  rigid-axle 
trutk. 


804  ELECTRIC  TRACTION 

the  rods  B  are  properly  adjusted,  the  front  and  the  rear  brake  shoes 
will  be  moved  towards  the  wheels,  the  rear  brake-beam  being  mored 
forward  by  means  of  the  rear  equalising  lever.  Aa  soon  as  the  front 
pair  of  brake  shoes  touch  the  wheels,  the  front  brake-beam  is  fixed, 
and  the  thrust  in  transmitted  to  the  rear  brake-beam  through  the  rods  R 
and  the  equalising  levers.  Thus  the  whole  of  the  brakes  are  oprated 
from  one  pull-rod.  The  brake-levers  are  duplicated  in  order  that  the 
brakes  may  be  applied  from  either  end  of  the  car. 


Fig.  2S()6.— Brill  Axle-box  (M.C.B.  Railway  Type), 

The  following  particulars  refer  to  this  truck  :— 

Gauge 4  ft.  81  in. 

Wheel  base  (E,  Fig.  253)  .  .  6  „  0     „ 

Spring  base  of  car-body  springs  (G)  .  14  „  6    ., 

Length  over  top  plates  (F)      .  .  15  „  7     „ 

Widthover  top  plates  (A)  .  -  6  „  0     „ 

Centres  of  top  plates  and  side  frames  (B)  5  „  9J  „ 

Width  overall  (D) 7  „  0     „ 

Diameter  of  wheels         .....  30  „ 

Diameter  of  axles  ....,,  4     „ 

Diameter  of  journals       .....  31  ,, 
Height  from  track  rail  to  top  plates  with  empty 

car  body  in  position  .  2  „  !J  „ 

Weight  without  wheels  and  axles   .  3000  lb. 

The  BWing-axle  track  has  been  developed  by  the  Peckbam  Trwk 
Co.  and  the  J.  G.  Brill  Co.  This  type  of  truck  is  in  service  on  ft 
number  of  tramways  in  this  country. 

A  view  of  the  Peckham  truck  is  shown  in  Fig.  256.*  It  will  be 
observed  that  the  side-frames  and  spring  system  of  the  truck  are  similar 
to  those  of  the  21  E  truck  described  above. 

•  The  truck  is  built  by  thf!  Bruah  Electrical  Bneineering  Co.,  who  Me  tiao  tb» 
nuuiufacturera  of  the  Peckham  Radial  Trucks  described  later. 
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The  swing  or  pendulum  gear  is  shown  in  detail  in  Fig.  257.  An 
examination  of  this  drawing  will  show  that  the  axle-box  springs  are 
carried  on  a  short  supporting  frame  A,  which  is  hinged  to  a  saddle  B^ 
the  latter  being  pivoted  to  the  top  of  the  axle-boxes.  The  saddle  is 
provided  with  flanges  which  extend  outside  the  side  frame  and  limit  the 
swing.  It  will  be  apparent  that  with  this  device  the  axles  can  move 
laterally  independently  of  the  truck  frame  and  car-body,  so  that  the  axles 
can  adapt  themselves  to  irregularities  in  the  track  without  transmitting 
the  eflfects  to  the  car-body. 

Trucks  of  this  type  are,  therefore,  characterised  by  easier  riding  and 
freedom  from  side  oscillations.  Moreover,  the  blows  delivered  to  the 
rail  head  by  the  flanges  of  the  wheels  are  considerably  smaller  than 
with  trucks  of  the  rigid-axle  type,  so  that  the  wear  of  the  track  and 
wheel  flanges  will  be  reduced,  while  the  lateral  flexibility  of  the  axles 
will  prevent  "  corrugation  "  *  of  the  track  rails. 

In  order  that  the  transverse  movement  of -the  axle  shall  not  be 
restricted  by  the  motor  suspension-bars,  the  latter  are  arranged  with 
a  swinging  suspension  (see  Figs.  256  and  261). 

The  swing-axle  feature  has  been  recently  applied  by  the  J.  6.  Brill 
Co.  to  their  21  E  truck.  In  this  case  the  axle-boxes  are  provided  with 
side  extensions,  from  which  the  axle-box  springs  are  carried  by  swing 
links.  A  view  of  the  truck  is  shown  in  Fig.  258,  and  a  drawing  of 
the  swing-link  device  is  given  in  Fig.  259.  It  will  be  observed  that 
the  axle-box  springs  are  each  carried  in  a  special  spring-cap,  which 
is  suspended,  by  a  pair  of  links,  from  the  side  extensions  of  the  axle- 
boxes. 

The  term  '' radial-azle  track"  is  applied  to  a^  truck  with  two 
axles,  in  which  the  latter  have  a  limited  amount  of  angular  motion  in  a 
horizontal  plane,  independent  of  the  truck  frame,  thereby  enabling  a 
truck  with  a  long  wheel  base  to  operate  on  curves  of  short  radius.  With 
such  a  truck,  therefore,  it  is  possible  to  use  long  cars  without  having  to 
adopt  bogie  trucks. 

Two  general  principles  have  been  adopted  in  the  designs  for  radial- 
axle  trucks — one  in  which  the  axle-boxes  are  given  freedom  for  move- 
ment in  the  side-frames,  by  being  suspended  from  certain  points  in  the 
main  truck  frame  ;  and  the  other  in  which  two  sub-trucks,  each  equipped 
with  an  axle  and  axle-boxes,  are  pivoted  to  the  main  truck  frame. 
Trucks  built  on  the  former  principle  are  less  complicated  than  those  of 
the  sub-truck  type,  but  do  not  possess  such  good  radiating  properties 
on  sharp  curves.  Radial-axle  trucks  without  sub-trucks  have  been 
developed  by  the  J.  G.  Brill  Co.  and  the  Peckham  Truck  Co.,t  while 
the  latter  firm  has  successfully  developed  a  radial-axle  truck  of  the 
sub-truck  type. 

The  Peckham  radial-axle  tracks  are  illustrated  in  Figs.  260,  261, 

*  Transverse  corrugations  of  small  depth  are  formed  in  the  head  of  the  track 
rails  by  the  transverse  movement  of  the  wheels  across  the  rail  head.  Other  con- 
ditions, such  as  weight  carried  on  the  axles,  diameter  of  wheels,  &c.,  also  influence 
the  formation  of  corrugations.  See  The  Electrician,  vols.  59,  60,  61,  68,  69,  72  for 
discussions  on  the  subject. 

t  For  particulars  of  other  radial-axle  trucks  see  The  Engineer,  vol.  113,  p.  412  ; 
Tramway  and  Railway  World,  vols.  23,  pp.  20,  367 ;  26,  pp.  106,  108,  196,  402 ;  27, 
pp.  112,  196,  277;  28,  p.  119;  30,  p.  98;  34,  p.  42. 
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.  Via.  257. — Detail  of  Swing-aile  Device  for  Peckham  "  P  22  "  Truck. 


£orf  ^^'■' 


Fio.  258. — Detail  of  Swing-axle  Device  tor  Brill  ■■  21  E.  sx."  Truck, 
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262,  of  which  Figa.  260,  261  refer  to  a  truck  without  aub-trucka,  and 
Fig,  262  refers  to  a  truck  with  sub-trucks.  In  these  trucks  the  side- 
frames  are  provided  with  wide  yokes  (or  pedestal  jaws),  so  that  the  axle- 
boxes  can  more  longitudinally  as  well  as  laterally. 

The  car-body  is  attached  to  the  top  plates  in  the  same  manner  as 
with  the  trucks  described  above,  but  the  thrust  is  taken  by  special 
blockfl  bearing  against  the  upper  part  of  the  yokes. 


In  the  truck  shown  in  Figa.  260,  261,  the  axle-boxes  are  provided 
with  aide  lugs,  from  which  the  supporting  frames  (which  carry  the  main 
truck  frame)  are  suspended  by  links  with  hemispherical  ends.  The  motor 
anflpension-bars  are  hinged  to  the  truck  frame  to  allow  for  the  movement 
of  the  motor  frames  (corresponding  to  the  movement  of  the  axle).  This 
method  of  suspending  the  truck  frame  from  the  axle-boxea  allows  the 
wheels  and  axles  to  adjust  themselves  to  the  curvature  of  the  track, 
so  that  the  axle  can  take  up  a  position  approximately  radial  to  the 
curve.  In  thia  position  of  the  axle  the  Imka  take  up  an  inclined 
poeition,  and  consequently  a  couple  is  brought  into  operation  by  means 
of  which  the  links  are  restored  to  their  normal  (vertical)  position  when 
the  car  leaves  the  curve.  The  brake  gear  is  shown  in  detail  in  Fig.  261, 
and  is  a  modification  of  the  standard  brake  gear  for  single  trucks,  with 
features  to  allow  for  the  angular  movement  of  the  wheela. 
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The  Peckham  radial-axle  truck  with 
Bub-truckfi  is  shown  in  Fig.  262.  In  this 
truck  the  axle-boxes  are  fixed  to  two  sub- 
trucks,  which  carry  the  motors  and  the 
brake  gear.  The  main  truck  frame  is 
carried  on  supporting  frames  (as  in  other 
Peckham  trucks),  which  are  suspended 
from  the  axle-boxes  by  swing-links,  the 
latter  being  hinged  to  short  carriages, 
provided  with  roUer  bearings,  on  wMch 
the  supporting  frames  are  carried.  Thus 
the  supporting  frames  have  a  limited 
longitudinal  movement  as  well  as  a 
transverse  movement,  sA  that  the  axles 
can  adjust  themselves  to  the  curvature 
of  the  track.  Tn  order  that  the  radial 
movement  of  the  axles  shall  not  be  re- 
stricted by  the  su-ing-links,  the  latter  are 
hung  from  swivel -seatings  on  the  top  of 
the  axle-boxes. 

The  inner  ends  of  the  sub-trucks  are 
each  provided  with  radius  links,  which 
engage  rollers  fitted  to  the  cross  frames 
and  located  in  the  centre  line  of  the  main 
truck  frame.  The  sub-trucks  are  also 
connected  to  the  main  truck  frame  at 
these  points  by  springs,  which  provide 
the  restoring  force  for  returning  the  sub- 
truoks  to  their  normal  position. 

On  account  of  the  radius  links  and 
the  method  of  supporting  the  truck  frame 
from  the  axle-boxes,  the  sub-trucks  are 
able  to  take  up  a  radial  position  on  curves 
of  short  radii.  The  minimum  radius  of 
curve  which  can  be  negotiated  with  the 
axles  in  the  radial  position  depends  on 
the  wheel-base  of  the  truck  and  other 
features.  With  the  present  designs  of 
Peckham  radial-axle  trucks,  curves  of 
30  ft.  radius  can  be  negotiated  by  a  truck 
with  a  wheel-base  of  10  ft,,  the  axles  being 
in  the  radial  position. 

The  Brill  radial-axle  track  is  of  the 
swing-link  type,  with  two  fixed  pivotal 

!)oints  (one  for  each  axle)  on  the  centre- 
ine  of  the  truck,  the  pivotal  points  being 
attached  to  the  motor  suspension- bars, 
thereby  avoiding  the  use  of  sub-trucks. 
The  truck  is  shown  in  Fig.  263. 

The  side  frames  are  supported  on 
swinging  links  which  are  hung  from 
springs  located  in  "  wings  "  on  the  axle- 
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boxes.  These  links  have  the  upper  end  in  the  form  of  a  hemispherical 
head,  and  have  two  pins  fixed  in  the  lower  end,  the  pins  engaging  in 
grooves  formed  in  the  lower  part  of  the  frame  yokes.  Under  normal 
conditions  the  links  are  vertical,  and  each  pin  has  a  full  bearing  in  its 
groove.  When  the  axle  is  deflected,  the  links  take  up  an  inclined 
position,  in  which  one  pin  in  each  link  leaves  its  groove.  In  this  posi- 
tion of  the  links  the  weight  of  the  car,  acting  on  the  pins,  exerts  a 
couple  tending  to  restore  the  links  to  the  normal  position.  By  means  of 
the  motor-frames  and  the  suspension  bars  the  axles  are  pivoted  to  two 
king  pins,  which  are  fixed  to  the  cross  frames  and  are  located  on  the 
centre  line  of  the  truck. 

When  the  car  is  rounding  a  curve,  the  centrifugal  force  acting  on 
the  car-body  is  transmitted  to  the  king  pins,  and  the  truck  frame — 
being  capable  of  lateral  movement — ^is  displaced  slightly  outwards, 
thereby  causing  the  axles  to  take  up  a  position  approximately  radial 
to  the  curve.*  The  radiating  action  will,  of  course,  be  better  at  higher 
speeds  than  at  low  speeds,  and  the  use  of  the  special  type  of  swinging 
link  ensures  that  the  axles  will  return  to  the  normal  position  when  the 
car  leaves  the  curve. 

The  brake-gear  is  arranged  to  radiate  with  the  axles  by  means  of 
floating  and  equalising  levers,  the  supports  for  the  brake-block  links 
being  carried  on  extensions  of  the  motor  suspension-bars. 

The  truck  is  built  with  a  wheel-base  of  from  8  ft.  to  12  ft.,  and  is 
suitable  for  car-bodies  which  do  not  exceed  36  ft.  over  the  platforms. 
With  a  standard  wheel  flange  and  a  1 J  in.  groove  in  the  rail,  the  truck 
with  the  shorter  wheel-base  will  negotiate  a  curve  of  29  ft.  radius  as 
satisfactorily  as  a  rigid-axle  truck  with  a  wheel-base  of  4  ft.  \\  in. 

The  following  particulars  refer  to  a  truck  having  a  wheel-base  of 
10  ft.  (suitable  for  a  car-body  32  ft.  overall) : — 

Gauge 

Spring  bafle  of  car-body  springs 

Length  over  top  plates  ..... 

Width  over  top  plates    ..... 

Width  overall        ...... 

Diameter  of  wheels         ..... 

Height  from  track  rail  to  top  plates  with  empty 

car-body  in  position  .       2  ,,     IJ 

Weight  without  wheels  and  axles  4000  lb. 

Minimum  radius  of  curve  for  continuous  opera- 
tion .  .     38  ft.  0  in. 

Equivalent  wheel  base  of  rigid-axle  truck  to 
negotiate  curve  as  satisfactorily  as  radial- 
axle  truck  (see  above)       .... 


4  ft. 

8tin. 

18  „ 

10     „ 

19  „ 

4     „ 

6  „ 

3     „ 

7  „ 

3     ,, 

30     „ 

))    ^    >l 


Two  types  of  bogie-trucks  are  adopted  for  electric  traction,  viz. 
(1)  the  maximum-traction  truck  (also  called  a  single-motor  truck), 
having  wheels  of  unequal  diameter — the  use  of  which  is  exclusive  to 

*  The  lone  swing- links  will  permit  a  considerable  radial  movement  of  the  axles 
without  the  links  assuming  an  excessive  inclination,  while  the  arrangement  of  the 
pins  at  the  bottom  of  the  links  ensures  that  the  car-body  will  be  held  steady  on 
straight  track. 
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tramways— *and  (2)  the  equal-wheel  bogie-truck,  which  ia  principally 
used  oa  railways  and  is  described  in  Chapter  XVI. 

In  the  latter  type  of  truck  the  load  is  supported  on  a  bolster  placed 
midway  between  the  axles,  and  is  therefore  distributed  equally  between 
them.  If  only  one  axle  is  equipped  with  a  motor,  it  is  apparent  that 
only  one-half  of  the  load  on  the  bolster  will  be  available  for  adhesion.* 
By  supporting  the  load  nearer  to  the  driving  axle,  a  larger  portion  of 
it  can  be  utilised  for  adhesion,  and  consequently  a  greater  tractive- 
effort  can  be  exerted  by  the  driving  wheels  before  slipping  occurs.  The 
practical  limit  is  reached  when  about  75  per  cent,  to  80  per  cent,  of  the 
total  weight  of  the  car  (i.e.  the  car-body,  trucks,  and  electrical  equip- 
ment) is  placed  on  the  driving  axles,  and  trucks  constructed  on  this 
principle  are  known  as  the  mazinilim-tractioii  type- 


Under  the  usual  tramway  conditions,  where  only  two  motors  are 
employed  on  a  car,  it  is  evident  that  this  type  of  truck  is  more  suitable 
than  the  type  in  which  the  load  is  carried  on  a  central  bolster.  In 
cases  where  large  cars,  on  bogie  trucks,  are  required  to  operate  on 
gradients  exceeding  1  in  15,  it  is  necessary  to  have  the  whole  of  the 
weight  available  for  adhesion,  and  equal  -  wheel  bogie  -  trucks,  each 
equipped  with  a  pair  of  motors  (».e,  a  four-motor  equipment),  must  be 
used. 

In  all  modem  types  of  maximum -traction  trucks  the  car-body  is 
supported  on  a  "  awinff -bolster,"  and  in  some  cases  the  pivotal  point 
or  Bwivelling  centre  is  displaced  from  the  centre  of  the  bolster  towards 
the  driving  axle.  The  radiation  of  the  driving  wheels  (that  is,  the 
transverse  movement  of  the  wheels  relative  to  the  car-body  when  the 
car  is  rounding  a  curve)  is  thereby  reduced,  thus  allowing  the  side-sills 
of  the  car  to  be  carried  low,  with  a  consequent  reduction  in  the  height 
of  the  platforms  and  floor.  With  this  type  of  truck  the  pony  wheels 
{which  term  is  applied  to  the  trailing  wheels  of  the  truck)  must  be 

*  The  load  on  the  driving  axle  will  also  include  one-half  of  the  wet^t  of  the 
truck  and  the  component  of  the  weight  of  the  motor  which  ia  not  carried  on  the 
Buspenaion  springs. 
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smaller  in  diameter  than  the  driving  wheels,  in  order  that  the  former 
may  clear  the  side-sills  when  the  truck  radiates. 

A  truck  in  which  the  above  features  are  embodied,  and  which  has 
been  standardised  on  the  London  County  Coimcil  tramways,  is  illus- 
trated in  Fig.  264.  The  side-frames  are  of  cast  steel,  and  are  con- 
nected together  by  four  channel  steel  sections,  one  at  each  end  and  two 
in  the  centre.  The  centre  channels  are  called  the  transoms,  and  are 
fixed  thus  :  ]  [.  Another  channel  section  (arranged  thus  :  i-j)  is  sus- 
pended under  tbe  transoms  by  two  pairs  of  swing-links,*  as  indicated 
diagrammatically  in  Pig.  266.  This  section,  which  is  called  the  sprinff 
plwk,  carries  the  springs  upon  which  the  bolster  is  supported,  while 
the  springs  supporting  the  truck  frame  are  carried  on  the  top  of  the  axle- 


Spring  PIdnk  Side  Frame 

Cross  Section 


Sw'inf    Link^ 


t-v— ^ -n 

^Spring   PUnk 


Fto.  266. — Arrangement  of  Transoms,  Swing-links,  and  Spring  Plank]in 
Maximum-traction  Swing-bolster  Bogie  Truck. 


boxes.  The  cast-steel  bolster  is  a  sliding  fit  between  the  transoms,  and 
performs  the  double  function  of  supporting  the  car-body  and  of  trans- 
mitting thereto  the  thrust  from  the  truck.  The  car-body  is  not  per- 
manently fixed  to  the  bolster,  but  is  connected  to  it  by  a  king  pin,  which 
forms  the  swivelling  centre  of  the  truck.  In  the  present  case  the  king 
pin  is  displaced  from  the  centre  of  the  bolster  towards  the  driving  axle, 
so  that  it  is  necessary  to  adopt  a  swivel-  or  radius-plate  for  the  centre 
bearing.  The  upper  portion  of  this  swivel  plate  (which  can  be  seen  in 
Fig.  264)  carries  the  king  pin,  and  is  fixed  to  the  underframe  of  the  car- 
body,  while  the  lower  portion  rests  in  a  spherical  seat  on  the  bolster. 
The  car-body  is  also  supported  by  side  bearings,  which  are  formed  by  a 
projection  at  each  end  of  the  bolster  engaging  bearing  plates  fixed  to 
the  underframe.  In  order  to  prevent  excessive  side-swaying  of  the 
car,  the  oscillation  of  the  bolster  is  limited  by  the  suspension  pins  of 
the  swing-links  extending  across  the  tops  of  the  transoms,  f 

*  The  object  of  the  swing- links  is:  (1)  to  allow  the  bolster  to  swing  slightly 
outwards  when  the  car  negotiates  a  curve,  thereby  relieving  the  car-body  and  truck 
from  strains  which  would  qtherwise  be  produced,  and  (2)  to  give  easier  riding  to 
the  car. 

t  See  Tramuiay  and  Railway  World,  vol.  38,  p.  270,  for  details  of  a  truck  with 
the  Peokham  swing-axle  feature. 


814  ELECTRIC  TRACTION 

Ah  the  wheel  base  of  the  truck  is  only  4  ft.  6  in.,  it  ia  apparent  that 
the  motor  cannot  be  placed  between  the  bolster  and  the  driving  axle. 
Therefore  the  motor  must  be  placed  in  the  "  outside  "  portion,  with 
the  suspenfiion  bar  resting  on  springB  which  are  carried  on  brackets  fixed 
to  the  end  frame.  This  position  of  the  motor  is  a  characteristic  feature 
of  all  maximum  traction  trucks  of  the  bolster  type,  and  a  little  con- 
sideration will  show  that  it  results  in  a  reduction  of  the  load  (due  to 
the  car-body  and  truck)  on  the  pony  wheels.  As  the  position  of  the 
bolster  is  governed  by  the  diameter  of  the  driving  wheels,  it  is  generally 
necessary  to  carry  at  least  40  per  cent,  of  the  weight  of  the  oar-body 
on  each  pair  of  pony  wheels,  and  consequently  there  is  always  sufficient 
load  on  these  wheels  to  compensate  for  the  lifting  action  of  the  motor. 

It  will  be  observed  in  Fig.  264  that  the  side-frames  are  fitted  with 
two  extensions,  which  are  connected  together  by  two  steel  channels. 
These  extensions  are  only  fitted  to  one  of  the  trucks  on  a  car,  and  are 
for  the  purpose  of  carrying  the  plough  collector. 


Fia.  266. — Brill  "  39  E  "  Hsximnni-tiTaction  Swing-bolater  Bogie  Track. 

The  truck  is  also  shown  equipped  with  a  magnetic  track-brake,  which 
is  arranged  to  operate  the  wheel  brakes  in  the  manner  described  below. 
The  wheel  brakes,  however,  can  be  operated  independently  of  the  track 
brakes  in  the  usual  manner. 

The  wheel-base  of  the  truck  is  4  ft.  6  in.,  the  centre  of  the  bolster  is 
2  ft.  from  the  centre  of  the  driving  axle,  and  the  swivelling  centre  is 
displaced  1  ft.  5  in.  from  the  bolster  towards  the  driving  axle. 

Another  type  of  swing-bolster  marinnim-tractiop  truck  is  illus- 
trated in  Fig.  266.  This  truck  (known  as  the  Brill  39  E)  differs  in  several 
features  from  the  truck  last  described.  Firstly,  the  pivotal  point  is 
at  the  centre  of  the  bolster  ;  secondly,  there  is  no  spring  plank  ;  and, 
thirdly,  the  bolster  is  provided  with  a  graduated  spring  system  which 
gives  easy  riding  at  all  loads. 

The  side-frames  are  of  forged  steel,  and  rest  on  spiral  springs  placed 
on  the  top  of  the  axle-boxes.  The  transoms  are  of  angle  steel,  and  are 
bolted  to  gusset  plates  fixed  to  the  upper  chord  of  the  side-frames.  Ellip- 
tical swing-links  are  carried  from  the  side-frames  at  each  side  of  the 
transoms,  and  these  links  support  the  ends  of  semi-elliptic  springs, 
from  which  the  bolster  is  supported.  In  the  earlier  forms  of  this  truck 
the  bolster  was  fixed  directly  to  these  springs,  but  in  the  truck  under 
consideration  a  short  spiral  spring,  in  special  caps,  is  interposed  between 
each  end  of  the  bolster  and  the  semi-elliptic  springs.    The  caps — ^in 
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which  the  spiral  springs  are  placed — are  about  J  in.  apart  when  the 
unloaded  car-body  is  in  position.  When  the  car  is  about  half-loaded 
with  passengers  the  spiral  springs  are  compressed,  so  that  the  caps 
come  into  contact,  thereby  tranderring  the  load  entirely  to  the  semi- 
elliptic  springs. 

The  bolster  is  of  cast  steel,  and  is  connected  to  the  lower  spring 
caps  (which  are  fixed  to  the  centre  of  the  semi-elliptic  springe)  by  links, 
thereby  relieving  the  spiral  springs  from  side  thrusts  and  also  preventing 
the  semi-elliptic  springs  from  twisting  when  the  bolster  swings  over. 
The  bearings  for  the  king  pin  and  ear-body  are  fitted  to  the  top  of  the 
bolster,  while  to  the  sides  are  fitted  chafing  (or  bearing)  plates,  which 
engage  similar  plates  fitted  to  the  transoms. 

The  truck  is  built  with  a  4  ft.  6  in.  wheel-base,  the  centre  of  the 
bolster  being  1  ft.  11  in.  from  the  centre  of  the  driving  axle.    The 


diameter  of  the  driving  wheels  may  be  from  30  in.  to  34  in.,  while  that 
of  the  corresponding  pony  wheels  is  19  in.  to  23  in.  The  weight  of  the 
truck  (without  wheels  and  axles)  for  standard  gauge  is  27S0  lb. 

The  brake  gear  for  a  maximnm-tractioD  tntck  differs  from  that  for 
a  truck  with  a  central  bolster,  in  that  unequal  -pressures  must  be  apjilied 
to  the  brake  shoes  on  the  driving  and  -pony  wheds,  the  pressures  being  in 
the  ratio  of  the  loads  carried  on  the  wheels.  In  the  truck  under  con- 
sideration this  is  accomplished  by  a  differential  lever  system  with  brake- 
beams  for  both  sets  of  wheels,  which  ensures  the  alignment  of  the  brake 
shoes  on  each  pair  of  wheels. 

The  arrangement  of  the  levers  and  brake-beams  is  indicated  in 
Fig.  267.  The  brake  shoes  for  the  driving  wheels  are  suspended  from 
brackets  fixed  to  one  of  the  transoms,  while  those  for  the  pony  wheels 
ore  suspended  from  brackets  fixed  to  the  upper  chord  of  the  side  frames. 
The  brake-beams  B,  C  are  operated  by  a  central  lever  A,  to  which  is 
connected  a  pull-rod  K  from  a  floating  lever  attached  to  the  centre 
of  the  undername,  the  pull-rods  from  the  brake  spindles  on  the  plat- 
forms being  also  connected  to  this  floating  lever,  so  that  the  radiation 
of  the  trucks  does  not  interfere  with  the  operation  of  the  brakes.  The 
central  lever  A  is  connected  to  the  brake-beam  B  by  the  link  D,  and  its 
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lower  end  is  connected  by  the  adjustable  rod  E  to  the  differential  lever 
F,  which  has  a  fulcrum  on  the  cross-bar  Cr,  fixed  to  the  lower  chords  of 
the  side-frames.  The  upper  end  of  the  differential  lever  is  connected 
to  the  pony  wheel  brake-beam  C.  When  a  tension  is  applied  to  the  pull- 
rod  K,  the  lever  A  turns  about  the  pin  L  and  applies  the  brakes  to  the 
driving  wheels.  As  soon  as  these  brakes  are  applied  the  lever  has  a 
fulcrum  at  the  pin  My  and  a  force  is  transmitted  through  the  rod  E  to 
the  differential  lever  and  brake-beam  C,  thereby  applying  the  brakes 
to  the  pony  wheels. 

Position  of  pony  wheels  for  cars  with  bogie  trucks.— In  all 

the  above  types  of  maximum  traction  trucks  the  running  of  the  truck 
is  satisfactory  whether  the  pony  wheels  are  leading  or  trailing.  Since 
tramcars  must  be  suitable  for  running  in  either  (Srection,  the  trucks 
are  arranged  symmetrically  about  the  centre  of  the  car,  with  the  pony 
wheels  either  towards  the  centre  or  towards  the  platforms.  The  latter 
position  is  standard  for  American  practice,*  and  the  pony  wheels  are 
arranged  under  the  platforms,  thereby  giving  a  better  support  for  these 
portions  of  the  car.  In  this  coimtry,  however,  the  space  under  the 
platforms  is  required  for  the  life  guards,  and,  unless  the  platforms  are 
very  long,  the  car-body  will  be  supported  better  with  the  pony  wheels 
towards  the  centre  of  the  car.  Generally  the  arrangement  of  the  trucks 
will  be  influenced  by  the  design  of  the  underframe,  and,  in  a  given  case, 
the  trucks  should  be  arranged  to  provide  the  best  support  for  the  car- 
body  and  the  platforms.  These  are  probably  the  reasons  for  the  apparent 
diversity  of  opinion  among  some  car  builders,  in  consequence  of  which 
there  are  numerous  examples  of  cars  with  the  pony  wheels  towards 
the  centre  and  towards  the  platforms.  In  the  case  of  conduit  tramways, 
it  is  the  practice  to  support  the  plough  from  an  extension  of  the  truck 
frame  (see  Fig.  264),  and  under  these  conditions  the  trucks  must  be 
arranged  with  the  pony  wheels  towards  the  centre  of  the  car. 

The  considerations  which  affect  the  diameter  of  the  driving 

wheels  have  alresuly  been  discussed  in  Chapter  IV.  Until  recently  the 
standard  diameter  for  these  wheels  was  30  in.,  but  the  introduction 
of  larger  motors  and  steel  tyres  necessitated  the  use  of  wheels  having 
a  minimum  diameter  (when  new)  of  31}  in.  In  America,  however, 
the  standard  diameter  is  33  in.,  but  with  some  types  of  centre-entrance 
cars  it  has  been  necessary  to  adopt  a  diameter  of  24  in. 

Two  types  of  wheels  are  in  use  on  tramways,  viz.  (1)  the  chilled 
cast-iron  wheel  (which  is  a  relic  of  horse  tramways),  and  (2)  the  steel- 
tyred  wheel  with  a  steel  centre.  In  the  first  type  the  thickness  of  the 
''  chill "  is  about  f  in.,  and  the  wheels  must  be  scrapped  when  this 
amount  of  wear  has  taken  place.  The  guaranteed  life  is  30,000  miles, 
but  there  are  records  of  wheels  of  this  type  averaging  40,000  to  60,000 
miles.t 

The  second  tjrpe  of  wheel  is  made  with  the  centre  either  of  cast 
steel  or  of  forged  steel,  and  has  the  advantage  that  the  centre  seldom 

*  With  the  centre-entreoice  cars,  the  trucks  have  to  be  arranged  with  the  pony 
wheels  towards  the  centre  of  the  car. 

t  For  some  comparative  tests  on  the  durability  of  brake  shoes  and  tyres  see  a 

Saper  (by  Mr.  W.  J.  Dawson)  presented  to  the  1910  Annual  Conference  of  the 
[unicipeJ  Tramways  Association.     See  Tke  Electrician,  vol.  66,  p.  1010. 
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requires  renewing.  This  wheel  is  more  costly  at  the  outset  than  the 
"  chilled  "  wheel,  but  the  average  cost  over  a  number  of  years  will  be 
lower.  The  tyres  are  usually  2  in.  to  2i  in.  thick  at  the  tread ;  they 
are  shrunk  on  to  the  centres  and  secured  in  position  by  set-screws  or 
retaining  rings.  The  steel  from  which  the  tyres  are  manufactured  is 
exceptionally  hard,  but  at  the  same  time  it  is  tough  and  ductile,  the 
tensue  strength  being  approximately  60  tons  per  sq.  in.  With  tyres 
2|  in.  thick  a  wear  of  from  1^  in.  to  If  in.  radially  can  be  allowed,  which 
will  ffive  a  life  of  from  60,000  to  100,000  miles,  the  guaranteed  life  being 
usually  based  on  a  radial  wear  of  \  in.  for  every  5000  miles.  These 
figures,  of  course,  will  be  afitected  by  the  curvature  of  the  track,  since, 
if  the  curves  are  all  in  one  direction,  the  tyres  of  the  wheels  on  one 
side  of  the  car  will  be  worn  at  a  greater  rate  than  those  on  the  other  side. 
The  average  weight  of  a  chified  cast-iron  wheel  (30  in.  in  diameter) 
is  300  lb.,  whik  that  of  a  steel-tyred  wheel  (31f  in.  in  diameter)  is  350  lb. 


Bbakbs  ' 

The  importance  of  brakes  on  an  electric  tramcar  cannot  be  over- 
estimated, and  they  should  be  given  quite  as  much  attention  as  the 
electrical  equipment.  All  cars  must  be  equipped  with  hand  brakes, 
in  which  the  brake  shoes  act  on  the  rims  of  the  wheels,  while  cars  which 
have  to  operate  on  steep  gradients  must  be  equipped  also  with  track 
brakes.    In  the  case  of  large  tramway  systems,   operating  through 


Fio.  268. — Arrangement  of  Platform  Gear  for  Wheel  Brake  on  Single-truck  Car. 
(A  Peacock  quick-acting  geared  brake  drum  is  shown.) 

congested  traffic,  the  maximum  speed  is  fixed  by  the  Board  of  Trade, 
and  is  based  on  the  brake  equipment.  Therefore  cars  equipped  with 
powerful  and  quick-acting  brakes  can  be  run  at  higher  schedule  speeds 
than  those  not  so  equipped.  This  point  is  of  the  utmost  importance 
on  a  system  like  the  London  County  Council  tramways,  where  competing 
petrol  motor-buses  are  run  over  practically  the  same  routes  as  the 
tramcars. 

The  principal  types  of  brakes  in  use  on  tramcars  are  :  (1)  the  wheel 
(or  hand)  brake,  wnich  acts  on  the  wheels  only ;  (2)  the  rheostatic 
electric  brake,  in  which  the  motors  are  converted  into  generators  and 
are  loaded  on  rheostats,  the  brake  being  applied  and  regulated  from 
the  controller  (see  Chapter  VIII,  p.  147) ;    (3)  the  mechanical  track 
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brake,  applied  by  hand  from  hand-wheels  on  the  platforms  of  the  car ; 
(4)  the  magnetic  track  brake,  with  or  without  an  attachment  for  operat- 
ing the  wheel  brakee,  the  current  for  the  excitation  of  the  ma{!;net£ 
being  derived  from  the  motors. 

The  air  brake,  although  UBed  eztenaively  in  America,  has  not  been 
adopted  in  this  country,  on  account  of 
the  additional  equipment  required  on 
the  car.  Moreover,  the  speeds  and 
traffic  conditions  here  do  not  warrant 
the  use  of  this  type  of  brake. 

The  wheel  brake,  applied  by  hand, 
is  a  relic  of  the  horse  tramcars,  with 
improvements  introduced  to  obtain  a 
greater  braking  force  and  a  more  rapid 
application  of  the  brake.  The  portion 
oi  the  brake  associated  with  the  truck 
has  been  dealt  with  above  (see  p.  303), 
BO  that  it  is  now  only  necessary  to  con- 
sider the  operating  gear  on  the  plat- 
forms. The  pull-rods  from  the  brake 
levers  are  connected  to  the  brake  drums 
on  the  platforms  by  a  short  length  of 
chain,  as  shown  in  Fig.  268.  The  brake 
is  applied  by  winding  tlus  chain  around 
the  brake  drum,  and  unwinding  is  prevented  by  means  of  a  ratchet- 
wheel  and  pawl  on  the  operating  spindle. 

In  the  Peacock  quick-acting  brake  the  drum  consists  of  a  g  ooved 
cam  B,  Fig.  268a,  which  is  geared  to  the  operating  spindle  A.  The 
pinion  and  gear  wheel  are  fitted  with 
stops  C.  D,  which  are  in  contact  when 
the  brakes  are  "off"  (see  diagram  X, 
Fig.  268a).  These  stops  prevent  the 
brake  drum  from  over-running  when  the 
brakes  are  released,  and  ensure  that  the 
drum  is  stopped  in  a  position  from  which 
the  recovery  of  the  chain  is  moat  rapid. 
Thus  during  the  application  of  the  brakes 
all  unnecessary  winding  is  avoided,  and, 
by  the  adoption  of  a  cam-type  brake 
drum,  a  quick  action  is  obtained.  The 
gearing  enables  a  powerful  braking  effect 
to  be  obtained  without  excessive  exertion 
from  the  motorman.* 

For  cars  weighing  from  12  to  16  tons 
it  in  general  practice  to  adopt  a  gear 
ratio  of  39/12,  which,  with  the  standard 
lOJ-in.  operating  handle,  gives  a  leverage 
of  22  between  the  handle  and  the  chain. 

With  an  effort  of  50  lb.  appUed  to  the  handle,  the  resulting  tension 
(corrected  for  friction)  in  the  brake  chain  is  983  lb. 

a  cumbiiiod  whutl  and  truck  brake,  aeo  Tramway  and  Bailuay 
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The  mechanical  track  brake  *  is  of  the  slipper  type,  and  usually 
consists  of  one  or  more  pairs  of  wooden  blocks,  which  are  pressed  on  bo 
the  track  by  means  of  levers,  or  screws,  operated  from  a  handwheel 
on  the  platform.  This  brake  is  intended  for  use  on  steep  gradients, 
and  utilifies  a  portion  of  the  weight  of  the  car  as  the  braking  force.  The 
wheel  brakes  can,  of  course,  be  applied  at  the  same  time,  but  in  order 
to  render  these  brakes  operative  it  is  necessary  to  design  the  hand-wheel 
and  levers  of  the  track  brake  so  that  sufficient  weight  is  carried  on  the 
wheels  to  prevent  them  skidding  when  the  brakes  are  applied. 


Fio.  2T0a. — WeetinghouBO  Magnetic  Tracfa  Brake  applied  to  a  Single  Truck. 


Of  magnetic  track  brakes  there  are  three  types  available  (known  as 
the  Westinghouse,  the  British  Thomson- Houston,  and  the  Maley  brakes). 
Each  type  consists  of  a  special  slipper  brake  which  is  in  the  form  of 
two  or  more  electromagnets.  The  latter  are  energised  from  the  car 
motors  and  are  thereby  attracted  to  the  track  rails,  the  drag  or  thrust 
of  the  magnets  being  transmitted  to  the  truck  frame,  and,  in  some  cases, 
to  the  shoes  of  the  wheel  brakes.  In  the  latter  case  we  have  a  combina- 
tion of  three  brakes  [viz.  (1)  a  track  brake,  (2)  a  wheel  brake,  and  (3)  an 
electric  brake,  produced  by  the  retarding  torque  due  to  the  motors  acting 
as  generators]  which  are  all  acting  simultaneously,  and  consequently 

•  See  TAe  Tramway  and  Railtaay  World,  vol.  2B.  p.  229.  for  particulare  of  a 
mechanical  track  brake  (for  centre-slot  conduit  tramwayii)  which  has  been  aflopted 
by  the  London  County  Council  Tramways  on  exceptionally  st '-' — *-  '  ■  --  ■"' 

For   further  partioulara   of  Uechanical  Track  Brakes  a 
Railviaji  World,  vol.  35,  p.  SGG. 
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it  ifi  possible  to  obtain  a  very  high  retardation.*  Since  the  action  of  the 
brake  is  dependent  upon  the  revolution  of  the  driving  wheels,  means 
must  be  taken  to  prevent  these  skidding  when  emergency  applications 
are  made. 

,The  electromagnets  for  the  Westinghouse  and  British  Thomson- 
Houston  brakes  t  are  of  the  bi-polar  type  with  elongated  pole  faces, 
which  are  arranged  longitudinally  with  the  rail  head  and  a  short  distance 
apart.  A  typical  magnet  is  illustrated  in  Fig.  269.  The  body  of  the 
magnet  is  of  cast  steel,  and  the  renewable  poje  faces  are  of  soft  st«el. 
The  excitation  is  supplied  by  a  single  coil,  which  is  enclosed  in  a  water- 
tight metal  case. 

The  magnetic  circuit  is  transverse  to  the  rail  head,  so  that  the  flux 
is  not  limited  by  the  section  of  the  rail  head — as  in  the  original  design 
of  the  Westinghouse  magnet,  in  which  the  magnetic  circuit  was  longi- 
tudinal with  the  rail.  Although  the  leakage  is  greater  with  the  present 
arrangement  of  the  pole  faces,  several  advantages  are  obtained  over  the 
original  Westinghouse  design.  Thus  the  vertical  force  between  the 
magnet  and  the  rail  can  be  arranged  te  suit  the  class  of  car  (e,g,  bj 
altering  the  length  of  the  pole  faces),  while  a  much  simpler  attachment 
is  required  for  transmitting  the  thrust  to  the  truck  and  the  wheel  brakes. 

In  the  Westinghouse  design  of  magnetic  track  brake,  the  magnet 
is  arranged  to  operate  the  wheel  brakes  in  addition  to  transmitting  its 
thrust  to  the  truck  frame.  The  atta.chment  for  operating  the  wheel 
brakes  in  the  case  of  a  single  ri^id-axle  truck  is  indicated  diagraimnati- 
oally  in  Fig.  270a,  while  a  portion  of  the  attachment  for  a  maximum 
traction  truck  is  shown  in  f4g.  2706. 

Referring  to  Fig.  270a,  it  will  be  seen  that  the  magnet  is  suspended 
from  the  side-frame  of  the.  truck  by  spiral  springs^  which  are  adjusted 
so  that  the  pole  faces  are  about  ^  in.  above  the  rail.  The  magnets 
on  opposite  sides  of  the  truck  are  connected  together  by  two  cross 
bars  which  are  bolted  to  projections  on  the  iimer  pole  pieces,  while 
two  other  projections  on  these  pole  pieces  engage  the  tail  of  a  thrust 
lever  pivoted  to  each  side-frame,  the  upper  end  of  this  lever  being 
in  the  form  of  a  cam.  Connecting-rods — ^attached  to  each  of  the 
brake-beams — ^are  provided  with  specially  formed  ends  to  fit  over  this 
cam,  so  that  any  movement  of  the  thrust  lever  from  the  vertical 
will  cause  the  cam  to  apply  a  tension  to  each  of  the  connecting- 
rods.  The  brake  shoes  will  therefore  be  applied,  and  the  pressure  of 
the  shoes  on  the  wheels  will  depend  on  the  drag  of  the  magnet.  This 
drag  will  depend  on  the  exciting  current,  which,  for  a  given  position  of 
the  controller,  will  vary  with  the  speed  of  the  car.  Hence  the  pressure 
of  the  brake  shoes  on  the  wheels  will  be  greater  at  high  speeds  than  at 
low  speeds.  Now  these  are  the  conditions  that  must  be  satisfied  to 
avoid  skidding  of  the  wheels,  so  that,  under  normal  conditions,  the  opera- 
tion of  the  wheel  brakes  from  the  track  brake  will  be  satisfactory. 

When  emergency  applications  are  made  at  high  speeds  there  is  a 

*  Under  emergency  conditions  a  retardation  of  12  ft.  per  second  per  second  can 
be  obtained.  For  service  applications  the  retardation  should  be  limited  to  from 
2  to  3  ft.  per  second  per  second. 

f.  Standard  Westinghouse  magnets  are  used  with  the  Maley  brake.  This  brake 
only  difiers  from  the  above  types  in  the  manner  in  which  it  is  mounted  and  operated. 
See  The  Electrician,  vol.  60,  p.  240,  for  details. 
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posaibility  of  the  wheels  skidding  if  the  brake  ie  applied  too  quickly, 
as  under  these  conditions  the  motors  will  build  up  to  a  high  voltage 
and  produce  a  large  current  in  the  brake  circuit,* 

Tiia  heavy  application  of  the  wheel  brakes,  combined  with  the  large 
retarding  torque  on  the  motors,  will  produce  a  braking  force  which  may 
be  in  ezcess  of  the  maximum  value  permissible.    Under  these  conditions 
the  wheels  wiU  skid,  thereby  rendering  the  brakes  ineffective.     In  order 
to  avoid  this,  a  skid-proof  attachment  has  been  developed.    This  con- 
sists of  solenoid-operated  switches  (see  Fig.  271)  in  the  brake  circuit, 
which  connect  resistances  in  parallel 
with  the  fields  of  the  motors  when 
the  current  in  the'  brake  circuit  ex- 
ceeds certam  values. 

The  brake  can  also  be  fitted  with 
mechanical  operating  gear,  so  that  it 
can  be  applied  by  hand  in  a  manner 
similar  to  that  described  below. 

In  the  British  Thomflon-Honston 
track  brake  the  magnets  are  sus- 
pended from  the  side-frames  in  a 
manner  similar  to  that  described 
above,  and  the  thrust  is  transmitted 
to  the  truck  through  special  thrust 
brackets.  The  brake  is  applied  only 
to  the  track  rails,  but  it  is  designed 
for  both  mechanical  and  electrical 
operation. 

The  mechanical  operating  gear 

is  shown   in   Fie,  272,  and    consists  „         „  .      ..  ,„    ■    . 

of  •  toggle.joint  which  i.fo™.d  by  ^"Z'-^^'^/S^^"^- 
a  compression  Imk  attached  to  the  netio    Track    BraJce    (Skid-proot 

magnet  and  an  adjustable  link  hinged  Type), 

to  the  thrust  bracket.    The  toggles 

of  each  brake  are  operated,  through  chains,  from  a  floating  lever,  which 
is  supported  from  a  suitable  bracket  attached  to  the  uuder-frame  of  the 
car,  the  floating  lever  being  operated  through  pull  rods  from  handwheels 
on  the  platforms. 

It  will  be  noted  that  each  of  the  above  types  of  ma^etic  track  brakes 
is  arranged  for  mechanical  operation.  This  is  desirable  where  steep 
gradients  have  to  be  negotiated,  as  it  enables  the  brake  to  be  applied 
before  the  car  starts  the  descent,  and,  moreover,  it  renders  the  Drake 
operative  if  there  should  be  an  open-circuit  or  bad  connection  in  the 
brake  circuit. "I" 

The  excitation  of  the  brake  magnets  from  the  car  motors  is  con- 
sidered to  be  more  reliable  than  obtaining  the  excitation  from  the 
trolley  wire,  as  the  brake  is  thereby  rendered  independent  of  the  generat- 

*  The  reBJBtaiice  in  the  brake  circuit  at  each  notch  of  the  controllet  is  the  same 
at  all  apoeds,  end  must  bo  arranged  bo  that  the  brake  ie  efiective  at  low  apeedH 
(E.y.  4  QiLp.h.J. 

t  Borne  serious  accidents  have  happened  due  to  the  failure  of  the  brake  from 
these  cauees.  See  Board  of  Trade  reports  in  The  Elecirician,  vols.  58,  p.  102 ;  Ul. 
pp.  402.  9ia 
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Ing  station  or  the  poeition  of  the  trolley  wheel.  On  the  other  band, 
it  ia  neoessary  to  prevent  the  wheels  becoming  locked,  due  to  the 
misuee  of  the  hand  (wheel)  brake.  In  order  to  remove  this  duiger 
the  wheel  brakes  have  been  removed  from  the  cars  equipped  with  the 
Maley  brake. 

With  the  present  design  of    the  bi-polar  track-brake  magnet  an 
exciting  current  of  20  amperes  will  produce  (in  one  size  of  magnet)  a 


Fio.  272. — Mochanical  Operating  Gear  of  B.T.-U.  Magnetic  Track  Brake. 

vertical  force  of  2  tons  between  the  pole  faces  and  the  rail,  while  with 
5  amperes  a  force  of  nearly  one  ton  is  produced.*  It  is  evident  there- 
fore that  this  brake,  when  combined  with  the  wheel  brakes  in  the  above 
manner,  can  be  used  as  a  service  brake  without  producing  an  excessive 
temperature  rise  of  the  motors.  The  increased  retardation  will  then 
allow  of  an  increase  in  the  schedule  speed,  and  in  many  cases  it  will  be 
possible  to  operat«  at  a  higher  maximum  stiecd  (due  to  the  more  efficient 

1  the  Glasgow 
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braking  equipment)  than  when  the  hand  brake  is  used  for  service 
stops. 

The  force  of  attraction  or  "pull"  of  any  magnet  on  its  armature 

is  given  by  the  fundamental  equation /=-3 — ,  where  B  is  the  flux  density 

at  the  pole  face  (expressed  in  C.6.S.  units  and  assumed  to  be  uniform), 
A  is  the  area  (in  square  cms.)  of  the  pole  faces  in  contact  with  the 
armature,  and  /  the  force  of  attraction  in  d3mes. 

Converting  /  into  tons  weight,  and  A  into  square  inches,  we  have 

/  (tons)=(-^^  jlO"  .    For  B=16600 — ^which  corresponds  to  a  moderate 

saturation  with  cast  steel— /=0*0616  tons  for  each  square  inch  of  pole 
face  area.  Thus,  at  this  flux  density,  the  pressure  between  the  magnet 
and  the  rail  will  be  138  lb.  per  sq.  in. 


CHAPTER  XVI 

ROLLING  STOCK  FOR  ELECTRIC  RAILWAYS 

(Motor-coach  Trains) 

Considerations  of  energy  consumption  will  show  that  it  is  desirable 
to  use  motor-coach  trains  for  urban  and  suburban  traffic.  When  the 
terminal  conditions  are  considered,  however,  other  advantages  of  motor- 
coach  trains  will  appear.  Thus,  since  the  capacity  of  a  terminus  is 
limited  by  the  number  of  trains  which  can  be  got  into  and  out  of  the 
station  in  a  given  time,  it  is  apparent  that  with  motor-coach  trains 
the  capacity  of  the  terminus  will  be  much  greater  than  that  which  can 
be  obtained  with  locomotive-operated  trains,  on  account  of  the  smaller 
number  of  signal  and  other  movements  required  for  the  former  trains. 
Moreover,  locomotives  will  require  siding  accommodation. 

A  further  advantage  of  motor-coach  trains  is  that  the  train  can  be 
made  up  to  suit  the  traffic  with  a  minimum  of  shunting  operations.* 
If  the  train  weight  per  motor  is  maintained  constant,  then  the  trains 
for  light  and  heavy  traffic  will  be  able  to  maintain  the  same  schedule 
speed  with  the  same  specific  energy  consumption. 

The  adhesive  weight,  with  motor-coach  trains,  is  equal  to  the  total 

load  on  the  axles  which  are  equipped  with  motors.  In  trains  made  up 
with  all  motor-coaches  and  all  axles  equipped  with  motors,  the  adhesive 
weight  will  be  equal  to  the  total  train  weight.  On  some  railways  in 
this  country,  however,  it  is  the  practice  to  operate  one  motor-coach 
with  one,  two,  or  three  trailer  coaches  as  a  train  unit,  and  to  run  the 
service  with  trains  made  up  of  one  unit,  or  of  two  or  more  units  coupled 
together,  as  demanded  by  the  traffic.  In  these  cases  it  is  necessary 
that  the  adhesive  weight  should  be  at  least  25  per  cent,  of  the  total 
train  weight  (generally  it  is  from  33  per  cent,  to  50  per  cent.),  while, 
to  avoid  slipping  of  the  driving  wheels  under  unfavourable  conditions 
of  weather,  the  total  accelerating  tractive-eflfort  should  not  exceed 
about  15  per  cent,  of  the  adhesive  weight.  The  adhesive  weight  and 
total  train  weight  of  some  typical  motor-coach  trains  are  given  in 
Table  XI,  while  further  particulars  of  the  motor-coaches  are  given  in 
Table  XII  (p.  349). 

*  A  striking  example  of  the  rapidity  with  which  electric  trains  can  be  made 
up  at  a  terminus  has  been  given  by  Mr.  J.  Shaw  (General  Manager  of  the  Mersey 
Railway)  in  a  paper  entitled  ''  The  Equipment  and  Working  Results  of  the  Mersey 
Railway  under  Steam  and  Electric  Traction  "  {MintUes  of  Proceedings  of  the  Insti- 
tiUion  of  Civil  Engineers,  vol.  179,  p.  19). 

In  the  paper  it  is  stated  that  the  trains  are  allowed  three  minutes  at  the  termini, 
during  which  interval  any  alteration  in  the  make-up  of  the  train  has  to  be  dona 
The  average  time  for  making  up  a  train  is  two  minutes,  which  includes  shunting  and 
coupling  of  brake  and  electric  connections. 

324 
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Types  of  Rolling  Stock. — Two  tjrpes  of  rolling  stock  have  been 
adopted  for  motor-coach  trains,  viz.  (1)  the  compartment  type  of  coach 
with  side  doors — similar  to  the  rolling  stock  on  our  steam  railways — 
and  (2)  the  saloon  type  of  coach  or  car  *  with  central  and  end  doors. 
The  latter  type  of  stock  was  introduced  for  the  early  electrifications 
in  this  country,  and  it  is  the  only  type  permissible  for  deep-level  under- 
ground (or  tube)  railways.  Although  there  exists  a  considerable  differ- 
ence of  opinion  among  railway  engineers  as  to  the  advantages  of  the  two 
types  of  stock,  nevertheless  the  saloon  type,  in  virtue  of  its  better 
facilities  for  the  distribution  of  the  passengers  when  entering  the  train, 
is  more  suitable  for  urban  service  with  dense  traffic  than  the  compart- 
ment type.  For  longer  distance  suburban  traffic,  however,  the  compart- 
ment type  of  coach  is  generally  preferable. 

The  maximum  length  and  width  of  the  coaches  which  can  be  used 
on  a  given  line  are  determined  by  the  lay-out  of  the  track  (which  affects 
the  clearance  between  passing  trains),  the  loading  gauge,  and  the  size 
of  the  tunnels.  When  sliding  or  inwaxdly-opening  doors  are  adopted — 
as  in  the  saloon  t3rpe  of  coach — ^the  clearance  between  passing  trains 
can  be  made  smaller  than  that  when  outwardly-opening  side  doors 
are  used. 

The  length  of  the  coaches  for  express  service  on  the  principal  steam 
railways  in  this  country  varies  from  60  ft.  to  75  ft.,  while  the  width 
varies  from  8  ft.  to  9  ft.  3  in. 

The  largest  coaches  for  electric  railways  in  this  cQimtry  are  in 
service  on  the  Lancashire  and  Yorkshire  Railway  (Liverpool-Southport 
section),  and  have  a  length  of  60  ft.,  with  a  width  of  10  ft. ;  they  are  of 
the  end-door  saloon  type,  with  transverse  seats,  a  central  corridor,  and 
seating  accommodation  for  100  passengers.  Each  of  the  transverse 
seats  on  one  side  of  the  corridor  is  arranged  to  accommodate  three 
passengers,  while  on  the  other  side  of  the  corridor  two  passengers  are 
accommodated  on  each  seat. 

The  large  width  of  the  coach  has  enabled  this  arrangement  of  seats 
to  be  adopted  with  a  corridor  2  ft.  wide,  whereas  for  a  9-ft.  coach  and 
the  same  width  of  corridor  it  would  have  been  possible  to  seat  only 
four  passengers  cross-wise,  thereby  reducing  the  seating  capacity  to  82. 
The  increase  in  the  weight  of  the  coach,  due  to  the  increase  in  width,  is 
only  that  of  the  floor,  roof,  and  extra  seats,  and,  for  the  60-ft.  coaches 
under  consideration,  is  of  the  order  of  15  cwt.,  or  about  93  lb.  per  extra 
seat.  If  the  increase  in  the  seating  capacity  had  had  to  be  provided 
for  by  additional  coaches  to  the  train,  the  weight  would  have  been  of 
the  order  of  5  cwt.  per  extra  seat.f 

In  the  design  of  rolling  stock  for  urban  and  suburban  railwa3r8  it 
is  important  to  reduce  the  weight  by  the  use  of  suitable  materials,  as 
unnecessary  weight  not  only  increases  the  energy  consumption  but 
also  leads  to  increased  maintenance  costs  when  the  whole  of  the  equip- 
ment is  considered.     Of  course  if  the  stock  is  too  lightly  built  it  will 

*  The  saloon  type  of  coach,  with  end  doors,  is  the  standard  type  of  passenger 
rolling  stock  in  America,  where  all  classes  of  rolling  stock  are  designated  as  "  cars.*' 
The  term  ''  car  "  is  used  to  some  extent  in  this  country  in  connection  with  electric 
trains,  particularly  when  these  are  of  the  saloon  type. 

t  See  "  The  Design  of  Rolling  Stock  for  Electric  Railways  "  by  H.  E.  O'Brien 
{Journal  of  the  InatituHon  of  Electrical  Engineera^  vol.  62,  p.  445).  This  {Mtper  con- 
tains some  interesting  and  valuable  data  on  rolling  stock. 
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not  be  sufficiently  strong  to  nitlistand  the  stresses  due  to  the  high 
acceleration  and  braking,  and  in  this  case  the  maint«nance  coet*  will 
be  high.  But  the  use  of  aluminium  and  steel  of  high  tensile  strength 
will  enable  the  weight  to  be  reduced  without  sacrificing  strength. 
With  the  "  aU  steel "  type  of  saloon  car  it  is  possible  to  utilise  the  sides 
of  the  body  in  conjunction  with  the  sole-bars  of  the  underframe,  thereby 
allowing  the  latter  members  to  be  reduced  in  section.  This  type  of 
car,  although  somewhat  heavier  than  a  standard  wooden  car  of  similar 
dimensions,  has  a  considerably  lower  maintenance  cost  than  the 
latter.* 

The  details  of  the  construction  of  coaches  for  operating  on  surface 


FiQ.  274. — Interior  til  Centre-entrance  Motor-car  on  the  London  (Tube) 
Railways.  (Note  the  glazed  wind-Bcroens,  the  transverBC  and 
longitudinal  seats,  and  the  atepa  leading  to  the  control  and  driving 

CDnipartmente.) 

electric  railways  usually  follow  the  general  practice  for  steam  rolling 
stock,  the  principal  exceptions  being  the  underframes  of  the  motor- 
coaches,  and  the  provifiion  of  driving  compartments  in  the  motor  and 
trailer  coaches. 

The  design  of  the  nnderframe  for  a  motor-coach  will  be  influenced 
by  the  type  of  coach,  the  method  of  control,  and  the  disposition  and 
weight  of  the  control  apparatus,  auxiliary  apparatus,  &c.  In  multiple- 
unit  trains  the  control  and  auxiliary  apparatus  may  be  arranged  in  a 
compartment  at  one  end  of  the  mutor-coach  (as  on  the  London  and 
South-Westem  Railway  and  the  London  tube  railways),  or  the  whole 
of  this  apparatus  (with  the  exception  of  the  master  controller  and  switch 
panel)  may  be  located  under  the  coach  between  the  bogies.    As  the 
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total  weight  of  the  control  apparatus  for  a  coach  equipped  with  four 
continuous-current  motors  may  be  of  the  order  of  3J  tons,  the  disposi- 
tion of  this  apparatus  must  be  carefully  considered  in  the  design  of  the 
underframe. 

In  the  majority  of  cases  the  underframe  is  constructed  of  steel  sec- 
tions. The  principal  longitudinal  members  are  of  channel  section,  and 
are  connected  together  by  cross-bars  and  end-frames  (the  latter  being 
called  the ' '  head-atocks  " )  to  which  the  buffing  and  draw-gear  is  attached. 
The  outer  longitudinal  members  {called  the  "  BOle-bars  ")  are  fitted  with 
.adjustable  truss-rod8,f  which  carry  the  tension  component  of  the  stress 
produced  by  the  bending-moment,  while  the  compression  component 
of  the  stress  is  carried  by  the  channels.    The  centre-pins,  oentre-bear- 


Fio.  276. — Centre-entrance  Motor-car  in  course  of  confltruction  at  the  Brush 
Eleotrical  Engineering  Co. 'a  Works.  View  from  driving  end.  "tiiB  raist^ 
Qoor  of  the  control  compartment  should  be  noted.  The  floor  of  the 
driving  compartment  ie  on  the  same  level  as  that  of  [the  [pasaenger 
compaTtment. 

logs,  and  side-bearing  plates  are  Jitted  to  cross  channels,  which  for  a 
motor-coach  have  to  be  specially  reinforced  and  braced  to  the  sole-bars 
and  head-stocks.  In  some  types  of  underframes  these  channels  are 
replaced  by  steel  castings  {called  "body  bolaters").  When  the  control 
apparatus  is  located  in  the  coach-body,  the  sole-bars  and  longitudinal 
members  are  braced  by  diagonal  bracings,  but  these  have  to  be  omitted 
when  the  control  apparatus  is  fixed  to  the  underframe.  The  oross-bars 
must  then  be  supplemented  by  gusset  plates. 

Another  type  of  underframe  which  is  used  for  the  single-phase  motor- 
coaches  on  the  London,  Brighton,  and  South  Coast  Kailway  has  the  sole- 
bars  in  the  form  of  plate  girders,  as  shown  in  Fig.  293  (p.  348).    In  this 

t  The  tniBS-roda  are  adjusted  to  give  a  slight  upward  deflection,  or  camber, 
to  tiie  Bole-bars  when  the  coach  body  is  unloaded  and  in  position  on  the  tniclu. 
Truaa-rods  are  not  required  on  steel  oars  in  which  the  sides  and  aole-bars  are 
designed  to  form  plate  girders. 
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case  the  control  and  auxiliary  apparatus  (which  weighs  approximately 
6J  tons)  is  supported  from  the  underframe. 

The  above  types  of  underframes  are  adopted  for  rolling  fttock  nuiniag 
on  suburban  railways,  where  the  dimensions  do  not  have  to  confonn 
to  a  restricted  loading  gauge.  In  the  case  of  tube  railways,  however, 
the  loading  gauge  is  much  below  that  of  surface  railways  on  account 
of  the  limited  diameter  of  the  tunnel.  For  example,  in  the  majority  of 
the  Loudon  tube  railways  the  internal  diameter  of  the  tunnel  (for  struct 
single  track)  is  11  ft.  SJ  in.,*  while  the  height  from  the  track  rails  to  the 
top  of  the  tunnel  is  9  ft.  11}  in.  The  rolling  stock  on  these  lines  is  of 
the  saloon  type,  with  end  platforms  and  collapsible  gates.     The  carx 


are  built  of  steel, f  which  enables  the  underframe  to  be  incorporated 
with  the  body,  thereby  resulting  in  a  light  construction  for  the  under- 
frame. As  the  level  of  the  floor  is  only  about  2  ft.  above  the  track  rails, 
and  the  wheels  are  30  in.  in  diameter,  it  has  been  necessary  to  carry 
the  sole-bars  nearly  on  a  level  with  the  axle  boxes,  while  the  adoption 

*  This  diameter  is  standard  for  the  tubes  which  form  port  of  tho  London 
Electric  Railway  Co.'b  systom  (viz.  the  Charing  CroBS,  Euetoh  and  Harapetcad 
Railway;  the  Baker  Street  and  Waterloo  Railway  ;  the  Piccadilly  and  Brompton 
Railway).  The  diameters  of  the  tunnels  of  the  other  tube  railways  are  :  II  ft. 
8  in.  for  the  Central  London  Railway,  10  ft.  ft  in.  for  the  City  and  South  London 
Railway  (those  tunnels  arp  boinj;  enlarged  to  H  ft,  8^  in.  to  allow  throng  running 
with  the  other  tuho  railways).  If!  ft.  for  the  Great  Northern  and  City  Railway  (thi> 
tube  can  accommodate  full-size  rolling  stock). 

t  The  Board  of  Trade  re<juire  the  cars  operating  on  tube  railways  to  be  con- 
structed of  steel.     Any  essentia]  woodwork  must  be  rendered  n —  ;-«-— — i-i- 
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of  longitudinal  seats  over  the  trucks  has  enabled  the  requisite  clearance 
to  be  obtained  for  the  radiation  of  the  wheels. 

The  floor  of  the  control  compartment*  of  the  motor-cars  is 
raised  1  ft.  8  in.  above  that  of  the  passenger  compartment,  in  order  to 
clear  the  motors  and  the  driving  wheels  (which  are  36  in.  in  diameter). 
Exterior  and  interior  views  of  one  of  the  motor-cars  (built  by  the  Brush 
Electrical  Engineering  Co.)  on  the  London  Electric  Railway  Co.'s  system 
are  shown  in  Figs.  273,  274,t  and  views  of  a  motor-car  in  course  of  con- 
struction at  the  Brush  Co.'s  works  are  shown  in  Figs.  276,  276.  These 
views  show  clearly  the  arrangement  of  the  various  members  of  the  steel 
underframe  and  the  body  framing.  It  will  be  observed,  in  Fig.  273,  that 
the  side  plating  of  the  car  is  extended  below  the  sole-bars  (in  the  form  of 
a  plate  girder),  in  order  to  give  additional  strength  to  the  underframe 
at  the  centre-entrance  doors. 


Trucks 

The  trucks  in  use  on  the  passenger  rolling  stock  of  railways  are 
usually  of  the  four-wheel  bogie  type  with  a  central  bolster,  although 
in  some  cases  (such  as  for  dining  cars,  sleeping  saloons,  and  drawing- 
room  (Pullman)  cars)  a  six-wheel  bogie  is  adopted.  The  trucks  for 
motor-coaches  are,  in  general,  of  similar  design  to  those  for  trailer 
coaches,  except  that  the  former  are  of  heavier  construction  to  withstand 
the  greater  stresses  to  which  they  are  subjected.  In  this  case,  however, 
only  four-wheel  bogies  are  adopted,  and  it  is  general  practice  to  equip 
both  axles  with  motors.  Since  the  curves  on  a  railway  are  generally 
of  fairly  large  radius,  the  wheel-base  of  the  trucks  can  be  made  much 
greater  than  the  values  adopted  on  tramways  ;  and,  in  practice,  a  wheel- 
base  of  from  6  ft.  to  10  ft.  is  adopted,  which  allows  the  motors  to  be 
placed  in  the  "  inside  "  position  {i.e.  between  the  transoms  and  the 
axles). 

Motor  trucks  can  be  divided  broadly  into  two  classes,  according  to 
the  spring  system  adopted  between  the  truck  frame  and  the  axles. 
Thus  (1)  the  truck  frame  may  be  supported  on  the  axle-boxes  through 
laminated  springs  (see  Fig.  277),  or  (2)  the  truck  frame  may  be  sup- 
ported on  spiral  springs  carried  on  equalising  bars,  the  ends  of  which 
are  supported  directly  on  the  boxes  (see  Fig.  278).  In  each  type  of 
truck  the  bolster  is  supported  on  springs  carried  by  the  spring  plank, 
which  may  be  of  either  the  swinging  or  the  rigid  tjrpe,  the  former  being 
the  more  general  for  railways  operating  at  moderate  speeds. 

Tracks  of  the  first  class  (which  may  be  called  non-equalised  trucks) 
are  practically  standard  for  all  British  railways,  while  trucks  of  the  second 
class  (which  are  called  equalised  trucks)  are  largely  used  in  America, 
and  are  only  used  to  a  hmited  extent  in  this  country.  This  type  of 
truck  has  superior  riding  qualities  to  the  non-equalised  type  on  poor 
track,  but  with  the  excellent  track  construction  on  our  larger  railways 

*  On  tube  railways  the  Board  of  Trade  will  only  allow  motors  to  be  carried  on 
the  front  and  rear  cars  of  a  train,  and  no  main  cable  may  be  carried  through  the 
train.  Moreover,  the  whole  of  the  control  and  auxiliary  apparatus  for  each  motor- 
car miist  be  located  in  a  steel  compartment  at  the  driving  end  of  the  car. 

t  The  illustrations  refer  to  the  latest  motor-cars  in  service  on  the  Baker  Street 
and  Waterloo  (tube)  Railway.  Motor-cars  of  this  type  have  also  been  built  by  the 
Leeds  Forge  Co. 
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the  Tiding  qualities  of  the  non-equalised  truck  are  quite  aatisfactory. 
Moreover,  the  equalised  truck  is  not  only  heavier  and  more  costly  to 
maintain  than  a  non-equalised  truck  of  equal  wheel-baae,  but  it  is 
subjected  to  a  tilting  action  during  braking — the  forward  end  of  truck 


Pig,  277,— Standard  British  Type  of  Non-equalised  Motor  Truck  with 
luotors  and  collector  shoes  (for  poaitive  and  negative  conductor  rails) 
in  position  {Leeds  Forge  and  B.T.-H.  Co.'s.) 


being  depressed  and  the  rear  end  raised — this  action  being  greatest 
when  outside  hung  brake  shoes  are  used.* 

In  view  of  the  lai^  forces  to  which  a  motor  truck  is  subjected  {the 
truck  having  to  perform  the  work  of  a  locomotive  in  addition  to  carrying 
and  guiding  the  car-body),  the  frame  must  be  very  rigid,  and  must  be 


Fig.  278.— Brill  '■27M,aB,"  Equalised  Motor  Truck. 

sufficiently  braced  to  maintain  its  "squareness"  under  all  conditiona. 
As  the  only  means  of  bracing  the  aide-frames  is  by  the  transoms  and  the 
end-frames,  these  members  must  be  liberally  designed,  and  must  bo 
reinforced  by  gusset  plates  at  the  connections  to  the  side-frames.     The 

*  For  a  full  discuBsion  of  the  forces  produced  during  braking,  see  a  paper  on 
"  Railroad  Car  Braking  "  by  B.  A,  Parke  (Transactiimt  of  the  American  /n«litute  of 

Electrical  Engineers,  vol.  20,  p.  235). 
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gusset  plates  and  diagonal  braciog  between  the  side-frames,  und-frames, 
and  transoms  are  shown  very  clearly  in  Fig.  279,  which  refers  to 
one  of  the  motor  truckB  on  the  London,  Brighton,  and  South  Coast 
Railway. 

The  frame  of  a  non-equalised  truck  may  be  constructed  of  steel 
plate  and  rolled  sections,  of  preased-steel  plate,  or  of  cast  steel;  while 


the  frame  of  an  equalised  truck  may  be  constructed  of  rolled  sections, 
of  forged  steel,  or  of  cast  steel. 

A  typical  non-equalised  truck — which  is  representative  of  British 
Railway  practice  and  is  in  service  on  a  number  of  electric  railways^ — is 
illustrated  in  Figs.  277,  279,  280.'  The  truck  is  built  of  pressed  steel 
sections  which  are  riveted  together.  The  side-frames  (or  sole-bars) 
A  (Fig.  280)  and  the  end  frames  (or  head-stocks)  B  are  of  channel  section. 
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The  ends  of  the  head-stocks  and  the  transoms  (C)  are  flanged  and 
riveted  to  the  side-frames,  and  each  comer  is  reinforced  by  a  gusset 
plate  D  in  order  to  increase  the  rigidity  of  frame.  The  yokes  for  the 
axle-boxes  are  reinforced  by  "  U  "  pieces  riveted  to  the  back  of  the 
side-frames,  while  the  cast-steel  horn-blocks  (or  axle-box  guides)  E 
are  bolted  to  the  front  of  the  yokes.  The  truck  frame  is  supported  on 
the  axle-boxes  by  means  of  the  lugs  F.  These  lugs  rest  on  short 
volute  ^  springs  O  which  are  carried  on  hangers  H  suspended  from  each 
end  of  the  laminated  semi-elliptic  springs  J. 

The  spring  plank  K  (of  channel  section)  is  suspended  from  the  tran- 
soms by  swing  links  L,  the  upper  ends  of  which  are  inclined  towards  the 
centre  of  the  truck.t  Each  end  of  the  spring  plank  is  provided  with  two 
projections  M  which  act  as  guides  for  the  spiral  springs  supporting  the 
bolster,  similar  projections  being  fitted  to  the  under-side  of  the  latter. 
The  bolster  ^  is  of  box  section,  and  supports  the  car-body  on  the  centre- 
bearing  0,%  the  upper  portion  of  which  is  fixed  to  the  underframe,  while 
the  two  portions  are  maintained  concentric  by  the  king  pin  P.  The 
bolster  is  also  fitted  with  side  bearings  Q  which  engage  rubbing  plates 
on  the  under-frame.§  The  swing  of  the  bolster  is  limited  by  the  ends 
of  the  bolster  engaging  plates  B  fixed  to  the  side  frames.  The  centre- 
and  side-bearings  can  be  clearly  seen  in  the  view  of  the  truck  shown  in 
Kg.  279. 

The  diameters  of  the  wheels  and  axles  will  be  influenced  by  the  tyx>e 
and  size  of  the  motor.  In  many  cases  the  diameter  of  the  wheels  is 
36  in.  The  standard  wheel  diameter  for  rolling  stock  on  steam  railways 
is  approximately  43  in.  Wheels  of  this  diameter  have  been  adopted  on 
most  of  the  suburban  electrifications  in  this  country,  as  the  trailer  coaches 
of  the  electric  stock  can  be  coupled  to  standard  steam  stock.  ||  The 
diameter  of  the  axle  at  the  motor  bearings  varies  from  about  6  in.  to 
7^  in.,  according  to  the  size  of  the  motor,  while  the  diameter  at  the 
journals  varies  rrom  4}  in.  to  6  in.,  this  dimension  being  influenced  by 
the  weight  of  the  coach. 

The  motor  is  generally  suspended  on  the  nose  system,  the  nose  on 
the  motor  frame  (see  Fig.  18,  p.  33)  resting  on  a  bracket  8  (Fig.  280) 
fixed  to  the  transom.  The  nose  is  prevented  from  rising  by  the  strap  T. 
In  some  cases  the  nose  is  spring  supported,  the  springs  being  carried 
from  an  angle-bar  attached  to  the  transom. 

*  In  some  cases  spiral  springs  and  concentric  rubber  springs  are  used. 

t  The  swing  links  are  arranged  in  this  manner  to  counteract,  to  some  extent, 
the  centrifugal  force  acting  on  the  coach  when  passing  round  curves.  When  the 
bolster  swings  outwards  (on  a  curve)  the  inclined  position  of  the  links  cause  the  outer 
portion  of  the  coach  to  be  raised  and  the  inner  portion  to  be  lowered. 

t  With  trucks  for  tube  railways  the  centre-bearing  is  of  the  ball-bearing  type, 
as  wown  in  Fig.  280 ;  but  with  trucks  for  surface  railways  the  centre-beiuing  is 
of  the  spherical-seated  type. 

§  With  coaches  for  surface  railways  the  usual  clearance  between  the  side- 
bearings  and  the  rubbing  plates  is  about  ^  to  ^  in.  with  the  body  of  the  coach  central. 
In  cases  where  side  oscillation  of  the  coaches  cannot  be  tolerated  (as  on  tube  rail- 
ways) the  body  is  carried  on  the  centre-bearing  and  both  side-bearings,  which  are 
of  the  roller  (or  ball)  type  to  facilitate  radiation  of  the  truck. 

II  In  this  connection  see  a  paper  on  ^*  Electrification  of  Railways  as  a£Fected  by 
Traffic  Considerations  "  by  Mr.  H.  W.  Firth  (Journal  of  the  Inaiitution  of  EleciricaJL 
Engvneera,  vol.  52,  p.  609). 
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Bbake-bigging 

It  is  the  general  practice  on  railways  to  fit  two  brake  shoes  to  each 
wheel  for  all  passenger  rolling  stock.  With  motor-trucks  having  a  wheel- 
base  of  from  6  ft.  to  7  ft.  there  is  considerable  difficulty  in  finding  room 
for  the  operating  gear,  since  the  position  of  the  motors  prevents  the  use 
of  brake  beams  for  the  inner  set  of  brake  shoes.  Consequently  the 
majority  of  motor- trucks  of  this  wheel-base  are  only  provided  with  one 
brake  shoe  to  each  wheel,  the  shoes  being  arranged  either  in  the  ''  out- 
side "  or  "  inside  "  positions.    When  the  wheel-base  of  the  truck  is  of 


Fig.  281. — Diagram  of  Brake- rigging  for  Inside- hung  Brake  Shoes. 

the  order  of  8  ft.  to  10  ft.,  however,  it  is  generally  possible  to  provide 
two  brake  shoes  to  each  wheel.* 

The  use  of  outside-hung  brake  shoes  enables  brake  beams  to  be 
adopted  with  a  convenient  arrangement  of  levers,  but  these  advan- 
tages result  in  a  tilting  of  the  truck  f  when  the  brakes  are  applied,  the 

*  Examples  of  motor  trucks  fitted  with  two  brake  shoes  to  each  wheel  are  in 
service  on  the  following  railways  :  The  London,  Brighton,  and  South  Coast  Railway 
(8  ft.  wheel-base,  see  Fig.  279) ;  The  London  and  North- Western  Railway  (8  ft. 
9  in.  wheel-base,  see  Tramway  and  Railtoay  World,  vol.  37,  p.  17) ;  The  London  and 
South- Western  Railway  (8  ft.  9  in.  wheel-base) ;  The  Lancashire  and  Yorkshire 
Railway  ( 10  ft.  wheel-base,  see  Journal  of  the  InsHttUion  of  Electrical  Engineers,  vol. 

62,  p.  452). 

t  The  tilting  action  with  outside  and  inside  brake  shoes  is  discussed  fully  in  a 
paper  by  Mr.  R.  A.  Parke,  on  "  Railroad  Car  Braking  "  {Transactions  of  the  American 
InstUuie  of  Electrical  Engineers,  vol.  20,  p.  235). 
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front  end  of  the  truck  being  depressed  and  the 
tiltmg  action  is  more  pronounced  in 
trucks  of  the  equalised  type,  due  to 
the  short  spring-base  and  the  method 
of  mounting  the  truck  frame  on  equal- 
iser bars.  When  trucks  of  this  type 
(with  outside-him^  brake  shoes)  are 
braked  to  give  a  high  retardation,  the 
tilting  action  compresses  the  front 
springs  (on  the  equaliser  bars)  and 
removes  a  portion  of  the  load  from 
the  rear  sprmgs.  Thus  when  the  car 
comes  to  rest  a  reaction  is  produced 
which  results  in  a  sudden  backward 
jerk  of  the  car-body. 

The  arrangement  of  the  brake- 
i^iggu^  ^or  inside-hung  brake  shoes  is 
indicated  in  Fig.  281,  which  refers  to 
the  pressed-steel  truck  illustrated  in 
Fig.  277.  In  this  case  it  is  not  possible 
to  use  brake  beams.  Consequently  the 
brake  levers  must  be  pivoted  to  the 
brake  shoes.  The  force  must,  there- 
fore, be  transmitted  in  line  with  brakie 
shoes,  and  to  enable  this  to  be  done  in 
the  present  case  without  the  brake 
rods  fouling  the  inner  wheels,  it  has 
been  necessary  to  adopt  divided  brake 
rods  ((7,  Fig.  281).  These  rods  are 
attached  at  one  end  to  a  radius  beam 
B^  and  at  the  other  end  to  the  brake 
levers  D,  The  latter  are  pivoted  to 
the  brake  shoes,  and  the  lower  ends  are 
connected  to  the  brake  levers  on  the 
outer  wheels  by  the  equalising  rods  E, 

The  brake  shoes  of  the  inner  wheels 
are  suspended,  by  links  (?,  from  brackets 
fixed  to  the  side  frames  of  the  truck. 
The  links  O  also  support  the  weight 
of  the  brake  levers  D  and  a  portion 
of  the  weight  of  the  brake  rods  and 
equalising  rods.  * 

The  brake  levers  D'  (for  the  outer 
wheeb)  are  pivoted  to  their  respec- 
tive shoes,  and  the  upper  end  of  each 
lever  is  provided  with  a  fulcrum  F, 
formed  by  angle  brackets  fixed  to  the 
side  frames.  This  fulcrum  is  adjust- 
able in  order  to  allow  for  the  wear 
of  the  brake  shoes,  and  the  effective 
length  of  the  equalising  rods  is  ad- 
justable for  the  same  reason. 

The  radius  beam  B  is  usually  supported  by 


rear  end  raised.    This 


guides  L  attached  to 

Y 
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the  inner  headstock  (see  Fjg.  280),  and  the  transverse  movement  of  the 
beam  is  limited  by  the  rollers  M  engaging  with  these  guides.  The  radius 
beam  and  guides  can  also  be  seen  in  Fig.  279. 

When  a  tension  is  applied  to  the  pull-rod  A,  the  brake  shoes  of  the 
inner  wheels  come  into  operation  first,  and  the  thrust  is  then  transmitted 
through  the  equalising  rods  to  the  brake  shoes  on  the  outer  wheels. 

In  Fig.  282  is  given  a  diagram  of  the  arrangement  of  brake-rigging 
for  a  motor  truck  with  two  brake  shoes  to  each  wheel.  The  outside 
brake  shoes  for  both  wheels  are  pivoted  to  the  brake  levers  D,  which 
are  suspended  from  brackets  H  on  the  headstocks  of  the  trucks.  The 
brake  levers  D^  of  the  inside  shoes  of  the  outer  wheels  are  suspended  in 
a  similar  manner  from  brackets  F,  fixed  to  the  transom,  but  for  the  inner 
wheels  of  the  trucks  the  inside  brake  shoes  (and  the  brake  levers  D^ 
connected  to  them)  are  suspended,  from  brackets  G  fixed  to  the  opposite 
transom,  by  the  links  K,  The  inside  brake  levers  D^,  D^  are  of  a  special 
"  L  "  shape,  and  their  lower  ends  are  connected  to  the  lower  ends  of 
the  outside  brake  levers  D  through  the  equalising  levers  E  and  the 
brake  rods  C,  the  other  (lower)  ends  of  the  equalising  levers  being  eon- 
nected  together  by  the  adjustable  rod  R.  The  upper  ends  of  the  inside 
brake  levers  D^  (for  the  inner  wheels  of  the  truck)  are  connected  to  a 
radius  beam  B  by  divided  brake  rods,  and  the  radius  beam  is  operated 
by  the  pull  rod  A  as  explained  above. 

When  the  brakes  are  applied  the  action  is  as  follows : — ^The  inside 
shoes  of  the  inner  wheels  come  into  operation  first,  and  provide  the 
brake  levers  D^  with  f ulcrums.  The  thrust  is  then  transmitted  to  the 
other  brake  shoes  by  means  of  the  equalising  levers  and  brake  rods. 


Examples  of  Motor-Coachbs 

The  general  design  of  motor-coaches  operating  on  the  electrified  lines 
of  the  larger  steam  railways  in  this  country  is,  in  many  cases,  similar 
to  that  of  the  standard  rolling  stock  in  use  on  those  railways.  In  some 
cases  {e,g.  the  London  and  South-Westem  Railway  and  the  Metropolitan 
Railway)  the  steam  trailer  stock  has  been  reconstructed  as  motor-coach 
electric  stock.  In  this  reconstructed  stock  the  control  and  auxiliary 
apparatus  is  located  in  the  motorman's  compartment  (which  adjoins 
the  luggage  compartment),  so  that  the  reconstruction  of  the  underframe 
of  the  coach  has  been  avoided.  Of  course  the  existing  underframe  has 
had  to  be  strengthened  at  some  places,  and  new  trucks  have  had  to  be 
provided. 

In  other  cases  of  railway  electrification  entirely  new  roUing  stock 
has  been  provided.  With  the  provision  of  new  stock  and  multiple-unit 
control,  the  control  and  auxiliary  apparatus  may  be  located  under  the 
coach  body,  so  that  only  the  master  controller  and  the  control  circuit 
switches  are  required  at  the  driving  platform,  which,  with  the  saloon 
type  of  coach,  may  form  part  of  the  vestibule.  This  arrangement  of 
the  apparatus  is  convenient  for  urban  railways — such  as  the  London 
Underground  Railways — on  which  a  considerable  variation  of  iho 
composition  of  the  trains  is  required  throughout  the  day. 

A  view  of  a  standard  steel  motor-coach  of  the  District  Railway 

(London  Underground  Railways)  is  given  in  Fig.  283.    The  coach  is 
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of  the  Baloon  type,  with  centre  and  eud  sliding  doors.  The  underframe 
is  of  the  trussed  type,  and  is  mounted  on  two  bogie  trucks,  of  which  one 
is  equipped  with  motors.  The  control  and  auxiliary  apparatus  ia  fixed 
to  the  underside  of  the  underframe,  and  the  boxes  containing  the  con- 


tactore,  reverser,  and  circuit- breaker  can  be  seen  in  the  iltustration. 
Each  truck  is  equipped  with  positive  and  negative  collector  shoes,  and 
all  collector  shoeB  of  like  poliirity  are  connected  in  j)arallel  by  means 
of  "  bus-line  "  cableti.  The  continuity  of  these  cables  is  maintained 
by  means  of  couplers  and  jumper  cables,  a  typical  coupler  and  socket 
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being  shown  in  Fig.  285.  The  sockets  for  the  bus-line  and  control -circuit 
cables  are  duplicated  at  each  end  of  the  coach,  bo  that  it  is  iiiinecesBary 
to  cross  the  jumper  cables  in  the  event  of  a  coach  being  turned  round 
when  making  up  the  train. 

An  interior  view  of  the  coach,  showing  the  glazed  wind-screens,  the 
steel  framing  for  the  seats,  and  the  arrangement  of  the  lighting,  is  given 
in  Fig.  284,  while  the  principal  dimensions  and  other  i^ta  arcS  given  in 
Table  XII. 

The  general  features  of  the  all-steel  motor  cars  On  the  Zrfmdon 
(tube)  railways  have  already  been  described.  In  these  cars  the  whole  of 
the  control  and  auxiliary  apparatus  is  located  in  a  steel  compartment 
at  the  driving  end  of  the  car,  removable  louvred  shutters  being  provided 
for  the  purposes  of  ventilation  and  inspection  of  the  apparatus  (see  Fig. 
273).  The  compartment  is  also  provided  with  a  switch-panel,  on  which 
are  mounted  the  switches  for  controlling  the  motor  control,  and  aiixiliarj' 


Fio.  285. — B.T.-H.  Bu.s-line  Coupl<^r-plug  and  Socket. 

circuits.  Views  of  a  typical  panel  are  given  in  Fig.  286.  The  apparatus 
mounted  on  the  upper  portion  of  the  panel  comprises: — A  single-pole, 
quick-break,  lever  switch  for  isolating  the  main  circuit  of  the  car,  a 
trolley-plug  socket,*  cartridge  fuses  for  voltmeter  and  auxiliary  circuits, 
and  an  enclosed  switch,  with  magnetic  blow-out,  connected  between 
the  trolley-plug  socket  and  the  motor  circuit.  The  lower  portion  of 
the  panel  is  equipped  with  a  control  switch,  with  "set"  and  "trip" 
positions,  for  the  automatic  circuit- breaker ;  three  enclosed  switches 
with  magnetic  blow-out  and  cartridge  fuses  for  the  control,  lighting,  and 
com  pressor- motor  circuits;  the  automatic  accelerating  relay;  cut-out 
switch,  with  fuses,  for  the  control  circuit  of  the  motor-car;  cut-out 
switch  for  train  (control)  cable;  connection  box.  Data  of  these  cars 
are  given  in  Table  XII. 

In  the  motor-coaches  of  the  Lancashire  and  Torkshire  Railway 
(Overpool-Southport  section)  the  main  controller  and  protective  appa- 
ratus are  located  in  a  steel  compartment  (which  also  forms  the  luggage 
compartment),  while  the  rheostats  and  motor-driven  exhauster  are 
located  under  the  coach  body.  The  majority  of  the  coaches  are  provided 
with  direct  control,  but  a  number  are  arranged  for  multiple-unit  control. 

•  The  oar  sheds  are  equipped  with  overhead  trolley  wires  instead  of  conductor 
rai]-*.  and  current  is  suppliocl  to  thd  train  by  means  of  an  over-runninR  trolley  and 
a  Hezible  cable  which  is  plugged  into  the  socket  on  the  switch- pane  I. 
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A  speci&l  feature  in  the  equipment  is  the  use  of  the  vacuum  brake  and 
the  incorporation  of  the  "  dead-man's  handle  "  with  the  brake -operating 
handle  instead  of  the  controller  handle. 

Views  of  the  driving  compartments  for  direct  control  and  multiple- 
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unit  control  are  given  in  Figs.  287,  288.  The  motors  On  the  forward  and 
rear  motor-coaches  of  a  train  are  supplied  through  circuit-breakers  at 
the  driving  end  fsco  connections,  Fig.  141,  p.  168),  and  these  circuit- 
breakers  are  fitted  with  shunt -tripping  coils  in  addition  to  the  overload 
tripping  coils.    The  shunt- tripping  coils  are  energised  when  the  operating 
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fr-—*-  *d  tke  bnkc  nhv  is  rHncvd  by  tbc  driver.  The  release  of  the 
o^Basae  hsadlF  o<  tfe  faiake  vshr  also  energises  an  electro-magnetic 
vahe^  sfcxh  faateak^  thr  rannnn  and  tlierrbT  applies  the  brakes.  Data 
c  are  gnm  in  Table  XII. 


k 


The  motor-coaches  in  service  on  the  Lsndoti  and  South-Western 

Itnltway  and  the  London  and  North-Weatem  Railway  are  also  provided 

wIlli  ttenarate  compartmente  for  the  control  apparatua.     In  the  case 

London  and  Sonth-Weatom  Railway,  the  old  eteam  n^ling 


ROLLING  STOCK  FOR  ELECTRIC  RAILWAYS       845 

stook  (compartment  type)  has  been  reconstructed  with  a  control  com- 
pa"tment  (which  adjoins  the  guard's  compartment)  at  one  end  of  each 


Fio,  2ftO,— L,  and  S.W.By,  Three-coach  Electrio  Train. 

motor-coach.    The  whole  of  the  control  and  ausi)iary  apparatus  (includ- 
ing the  rheostats)  is  located  in  this  compartment,  and  the  disposition  of 
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the  apparatiiB  ib  shown  in  Fige.  289,  289o,  It  will  be  obeerved,  frwn 
Fig.  289,  that  the  end  of  the  coach  is  of  special  parabolic  shape  to 
reduce  the  head  resistance  (see  Chapter  XVIIl).  The  motor-coaches  are 
each  equipped  with  two  275-H.P.  motors,  and  are  arranged  for  multipk- 


FiG.  291. — DrivingCompartmentof  L.B.  andS.C.Ry.  Motor-coach,  Notk.— 
The  oovere  have  been  removed  from  tho  master  controller  and  com- 
preaaor-mol  or  governor. 

unit  control.  A  view  of  a  "train  unit."  consisting  of  two  motor-coaches 
and  one  trailer-coach,  is  shown  in  Fig.  290,  and  data  of  the  motor- 
coaches  are  given  in  Table  XII. 

With    single-phase    motor-coaches  provision   must  be   made  for 
housing  all  the  high-tension  apparatus  in  a  steel  compartment  separate 
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from  the  low-tension,  control,  and  protective  apparatuB.  An  ezcetlent 
example  of  the  arrangement  of  the  high-tension,  low-tension,  and  control 
apparatus  is  found  in  the  single-phase  motor-coaches  of  the  LoDdoD, 
wijrhtoil,  and  South  Coast  Bulway.    The  high-tension  and  low-tension  - 


apparatus  are  located  in  separate  chambers  in  the  motorman'a  comjHirt- 
meat  (which  also  forms  the  luggage  compartment),  while  the  main 
transformer,  air  com^essor,  contactors,  and  reverser  are  located  under 
the  coach  body  (see  Fig.  186,  p.  217).  Views  of  the  driving  compart- 
ment and  the  high-  and  low-tension  chambers  are  shown  in  Figs.  291, 
292,  while  in  Fig.  293  is  shown  a  view  under  a  coaeh  (with  the  trucks 
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removed)  in  which  the  main  transformers,  the  contactor  boxes,  the  air 
brake  reservoir,  and  details  of  the  wiring  and  the  underframe  can  be 
seen. 

The  higb'tension  chamber  is  shown  to  the  left  in  Fig.  292.  At  the 
lower  portion  of  the  chamber  we  have  the  auxiliary  transformer  and 
the  main  fuses  (in  the  primary  circuit  of  each  main  transformer).  Above 
these  fuses  we  have  the  electrically- ope  rated  main  oil-switch,  and  at 
the  upper  part  of  the  chamber  «e  have  the  earthing  switch,  choking 
coil,  and  fuses  for  the  auxiliary  tranLlormer.  The  door  of  this  chamber 
is  mechanically  interlocked  with  the  collector  bows  (by  the  levers  shoftii 
in  the  roof),  so  that  the  door  cannot  be  opened  if  either  bow  is  raised, 


with  trucks 

removed,  showing  the  location  of  controf  appuratua  and  wii-inR.  A. 
biNly  bolaler;  B.  side  bwring ;  V.  contactor  box;  D.  revcreer  box; 
B,  ci-ntre  brnring;  F,  proHS-barj  S.  plate-girdi>r  so|p-bsra ;  R.  main 
"■      ain  transformer. 


while  the  opening  of  the  door  closes  the  earthing  switch  which  earths 
all  the  high-tension  wiring. 

In  the  low-tension  cbamber  (shown  to  the  right  in  Fig.  292)  are 
located  the  control  circuit  cut-out  switches^  fuses,  and  connection 
boxes. 

The  motor-coaches  are  of  the  compartment  type,  and  have  plate - 
girder  underframes,  as  shown  in  Fig.  293.  A  view  of  a  six-coach  train, 
consisting  of  two  motor-coaches  and  four  trailer-coaches,  is  shown  in 
Fig.  448  (p.  548).  The  equipment  of  each  motor-coach  comprises  four 
150-H.P.  compensated -re  pulsion  motors,  two  main  transformers,  two 
reversers  and  contactor  groups  (one  group  for  each  pair  of  motors), 
an  electrically-driven  air-compressor,  collector  bows,  and  the  apparatus 
(described  above)  located  in  the  high-  and  low-tension  chambers.  The 
motors  are  controlled  on  the  multiple-unit  system,  a&  described  in 
Chapter  V.    Data  of  these  motor-coaches  are  given  in  Table  XII. 
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Brakes 

The  brakes  on  railwajr  passenger  rolling  stock  are  alwavs  operated  by 
power,  since  it  would  be  impossible  tci  obtain  sufficient  braking  force  witn 
nand -operated  Jbrakes.  Hand  brakes,  however,  are  fitted  to  motor-coaches 
and  guards'  compartments  for  operation  by  the  motorman  or  guard  in  cases 
of  emergency. 

Two  types  of  power  brakes  have  been  developed,  viz.  the  compressed 
air  (or  Westinghouse)  brake,  and  the  vacuum  brake.  The  former  brake  is 
largely  used  on  electric  railways,  and  is  also  extensively  culopted  in  America 
on  steam  railways ;  while  the  vacuum  brake  is  standard  on  all  our  leurge 
steam  railways,  and  has  been  culopted  on  the  electrified  lines  of  the  Lanca- 
shire and  Yorkshire  Railway. 

For  electric  railways  the  compressed-air  brake  possesses  some  advan- 
tages over  the  vacuimi  brake,  as  compressed  air  can  be  stored  so  that  a  quick 
release  of  the  brakes  can  be  obtained  ;  whereas,  with  the  vacuum  brake, 
the  vacuum  must  be  created  by  means  of  a  pump  or  exhauster.  This  dis- 
advantage, however,  can  be  overcome  by  the  use  of  vacuiun  reservoirs  and 
equalising  valves  (as  used  on  the  Lancashire  and  Yorkshire  Railway),  by 
which  means  the  brakes  can  be  relecised  with  sufficient  rapidity  to  enable 
10-second  stops  to  be  adopted. 

The  vacuum  brake. — ^In  *  its  simplest  form  this  brake  consists  of  a 
vertical  cylinder  (called  the  brake-cylinder)  fitted  with  a  piston  and  piston- 
rod,  the  latter  operating  the  brake  -  rigging  through  suitable  levers.  A 
vacuum  is  maintamed  continuously  on  the  top  of  the  piston,  while  air — at 
atmospheric  pressure — can  be  admitted  to,  or  exhausted  from,  the  underside 
of  the  piston.  Under  normal  conditions  {i,e.  brakes  off)  a  vacuum  is  main- 
tained on  both  sides  of  the  piston,  and  the  latter  rests  against  the  lower 
cylinder  cover.  When  an  application  of  the  brakes  is  required,  the  vacuum 
is  broken  on  the  underside  of  the  piston  and  the  latter  is  forced  upwards, 
thereby  applying  the  brakes.  The  brakes  cure  released  either  by  re-creating 
the  vacuum,  or  by  equalising  the  pressure  on  each  side  of  the  piston. 

In  practice  each  coach  is  equipped  with  one  or  two  brake -cylinders 
(accordmg  to  the  nature  of  the  brake-rigging  on  the  bogies)  which  are  con- 
nected to  the  **  train-pipe,"  as  shown  in  Fig.  294.  The  latter  is  continuous 
throughout  the  train,  and  is  connected  to  the  operating  (or  driver's)  valve 
on  the  locomotive  or  motor-cocich.  On  steam  trains  this  valve  is  a  com- 
bination of  an  air  valve  and  two  steam  ejectors,  one  large  and  one  small. 
Under  normal  conditions  the  small  ejector  maintains  the  vacuum  in  the 
train-pipe,  while  the  large  ejector  is  only  operated  for  relea.sing  the  brakes. 
On  electric  trains  these  ejectors  are  reple^^ed  by  a  motor -driven  exhauster 
(or  vacuum  pimip)  which  is  run  at  two  speeds— one  being  double  the  other — 
the  higher  speed  being  only  used  for  releasing  the  brakes.  With  continuous- 
current  equipments  the  lower  speed  is  obtained  by  inserting  a  rheostat  in 
series  with  the  motor,  and  the  rheostat  is  cut  out  when  the  driver's  valve  is 
moved  to  the  "  off  "  or  **  release  "  position.  With  single-phase,  alternating- 
current  equipments  two  or  more  operating  speeds  for  the  exhauster  motor  can 
readily  be  obtained  from  tappings  on  the  auxiliary  transformer  (see  Figs.  201, 202). 

One  type  of  vertical  brake  cylinder  (manufactured  by  the  Vacuum  Brake 
Co.)  is  shown  in  Fig.  294.  The  cylinder  A  is  combined  with  the  vacuum 
cheunber  B,  which  is  provided  with  trunnions  for  moiuiting  in  a  vertical 
position  under  the  coach.  The  piston  C  is  an  easy  fit  in  the  cylinder,  and  is 
provided  with  a  rolling  rubber  ring  D,  while  the  piston-rod  E  is  provided 
with  a  packing  gland  in  the  lower  cylinder  cover.  The  sides  of  the  piston 
near  the  top  are  provided  with  three  small  holes  and  ball  valves  (one  of 
which  is  shown  at  F)^  by  means  of  which  communication  can  bo  established 
between  the  vacuum  chamber  and  the  luiderside  of  the  piston  when  the 
pressure  in  the  former  exceeds  that  in  the  lower  portion  of  the  cylinder. 
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This  portion  of  the  cylinder  may  be  conneotod  directly  to  the  train-pipe,  or 
the  connection  may  be  made  through  an  automatic  valve  ae  described  below. 
The  vacuum  chamber  can  also  be  connected  to  the  train-pipe  through  the 
release  valve  G,  which  is  normally  held  on  its  seat  by  atmospheric  prossure 
acting  on  a  diaphragm. 

When  the  brake  m  "  off "  the  vacuum  ie  maintained  in  the  train-pipe, 
vacuum  chamber,  and  on  the  undereide  of  the  piston,  and  any  air  which 
tinds  its  way  into  the  vacuum  cylinder  is  exhausted  through  the  ball  valves. 
When  an  application  of  the  brakes  is  required,  the  train-pipe  is  opened  to 
the  atmosphere,  and  air  is  admitted  to  the  underside  of  the  piston,  which  is 
moved  upwards.     The  force  with  which  the  brake  shoes  are  applied  to  the 


wheels  depends  on  the  rapidity  with  which  the  vacuum  is  destroyed,  while 
the  brakes  may  be  partially  released  by  partially  rwitoring  the  vacuum. 

The  air  in  the  train-pipe  is  prevented  from  reachiikg  th«  vacuum  chamber 
(and  the  top  of  the  piston)  by  the  ball  valves  and  the  packing  ring.  The 
function  of  the  release  valve  is  to  allow  the  brakes  to  bo  released  on  a  coach 
which  is  disconnected  from  the  locomotive.  This  is  done  by  lifting  the  valve 
from  its  seat,  which  equalises  the  pressure  on  both  sides  of  the  piston,  thereby 
allowing  the  latter  to  return  to  the  bottom  of  the  cylinder. 

When  a  qaick-actiiis  brake  is  required  on  a  long  train,  the  brake  cylindere 
are  not  connected  directly  to  the  train-pipe  but  to  auxiliary  valves  which  are 
connected  to  the  train-pipe  and  to  the  atmospbcrc,  A  oniss-scctioii  of  one 
^pe  of  auxiliaiy  valve  {called  a  "quick-acting  application  valve")  is  shown  in 
Fig.  294.    A  rubber-seated  valve  J  is  provided  with  n  diaphragm  K,  over  which 
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is  placed  a  small  air-chamber  H.  This  air- 
chamber  communicates  with  the  train  -  pipe 
through  a  small  annular  space  formed  by  ^e 
fixed  stem  L  and  a  central  hole  in  the  body  of 
the  valve  J.  The  underside  of  the  diaphragm 
and  the  top  of  the  valve  J  can  be  placed  in  com- 
munication with  the  atmosphere  by  means  of  the 
hinged  clap-valve  P.  Under  normal  conditions 
valve  J  is  maintained  on  its  seat  bv  the  excess  of 
pressure  on  the  upper  part  of  the  valve,  the  under- 
side of  the  latter  and  the  top  of  the  diaphragm 
being  connected  to  the  train-pipe  (at  M).  When 
an  application  of  the  brake  is  required,  the 
vacuum  in  the  train-pipe  is  destroyed  by  operat- 
ing the  driver's  valve.  This  unseats  the  valves 
J  and  Pj  and  air  is  admitted  through  the  latter  to 
the  train-pipe  and  brake  cylinder,  thereby  pro- 
ducing a  rapid  application  of  the  brakes  through- 
out the  train. 

The  brake  cylinder  in  service  on  tho 
electrified  lines  of  the  Lancashire  and  York- 
shire Railway  differs  in  several  features  from 
that  described  above.  For  instance,  the 
cylinder  is  mounted  horizontally,  and  is  pro- 
vided with  two  double-acting  pistons  (from 
which  the  brake-rigging  on  each  truck  is 
operated),  while  the  cylinder  is  used  in  con- 
junction with  vacuum  reservoirs  and  electri- 
cally-operated equalising  valves.  The  general 
arrangement  of  the  brake  apparatus  for  a 
two  -  coa<3h  train  (consisting  of  one  motor- 
coach  and  one  trailer-cocbch)  is  shown  dia- 
grammatically  in  Fig.  296.  In  this  diagram 
the  brake  cylinders  are  shown  at  L,  the  vacuum 
reservoirs  at  N,  the  equalising  valve  at  M,  and 
the  train-pipe  at  Q.  The  motor-coach  A  is 
shown  equipped  with  an  electriccJly-driven 
exhauster  H,  K  (with  a  governor  (?,*  and  a 
controlling  switch  W) ;  a  driver's  valve  C ;  a 
vacumn  gauge  F ;  a  drip-valve  U,  for  the 
train-pipe ;  and  a  collector  shoe  T,  The 
driver's  veJve  C,  in  addition'  to  the  usual 
valve  and  ports,  is  fitted  with  a  sw^itch  D,  by 
means  of  which  the  brake -control  cable  S  (to 
which  the  solenoids  of  the  equalising  valves 
are  connected)  is  energised  when  the  handle  £! 
is  moved  to  the  '*  off  '  position.  • 

In  the  '^running"  position  of  the  handle 
the  exhauster  maintains  a  vacuiun  in  the 
reservoirs,  the  train-pipe,  and  in  each  portion 
of  the  brake  cylinders,  the  pistons  being 
maintained  at  the  ends  of  the  cylinders  by 
springs. 

*  The  governor  controls  the  motor  driving  the 
exhauster  in  a  manner  similar  to  that  used  in 
connection  with  motor-driven  air  compressors. 
The  motor  is  stopped  when  the  vacuum  reaches 
20  in.,  and  is  started  when  the  vacuum  falls  to 
15  in. 
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[Note. — The  equalising  valves  are  fitted  with  ball  valves,  so  that  the  reser- 
voirs on  the  trauer-coaches  can  be  exhausted  through  the  train'pipe. 
In  the  normal  position  of  the  equalisit^  valves,  conimunicattoii  in  cut 
off  between  the  vacuum  reservoirs  and  the  ends  of  the  brake  cylinders.] 
When  the  driver's  valve  is  moved  to  the  "  brake  on  "  position,  the  train- 
pipe  is  connected  to  atmo^here,  and  the  pistons  in  the  brake  cylinders  move 
mwards,  thereby  applying  the  brakes.     When  the  driver'a  valve  is  moved 
to  the  "  brake  off     position,  the  train-pipe  is  oonneoted  to  the  exhauster, 
and,  at  the  same  time,  the  equalising  valves  are  operated,  so  tjiat  conununi- 
cation  is  established  between  the  centre  and  the  ends  of  each  brake  cylinder. 
The  pressure  on  each  side  of  the  pistons  is,  therefore,  equalised,  and  the 
pistons  return  to  the  ends  of  the  cylmder  (thereby  releasing  the  brakes)  under 
the  action  of  the  springs.     When  the  handle  is  returned  to  the  "  ■      » 


position,  the  equalising  valves  resume  their  normal  position,  and  the  vacuum 
IS  re-established  through  the  train-pipe. 

The  equalising  valves  are  fitted  with  a  device  for  operating  the  valves  by 
hand,  so  that  the  brakes  can  be  released  on  an  isolated  coach. 

The  Compressed-ajf  Brake. — In  its  simplest  form  the  compressed-air 
brake  consistsof  a  reservoir  (in  which  compressed  air  is  stored),  a  brake 
cylinder,  an  operating  valve,  and  a  train-pipe.  The  brake  cylinder  is  of  the 
smgle-acting  typo,  and  is  shown  in  Fig.  296. 

The  brakes  are  kept  "  off "  by  springs  in  the  brake  cylinders  acting 
against  the  pistons,  while  they  are  applied  by  admitting  compressed  air,  from 
the  reservoir,  to  the  back  of  the  pistons,  the  force  of  the  application  de- 
pendi:^  upon  the  qiuuitity  of  air  admitted  to  the  brake  oylmders.  The 
brsJEes  are  released  by  exhausting  the  air  from  the  brake  cylinders,  which  is 
accomplished  by  means  of  the  operating  valve. 
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When  this  brake  is  used  on  trains  consisting  of  several  coaches,  additional 
features  are  required,  and  we  shall  now>  confine  our  attention  to  the  latest 
type  of  the  brake,  which  is  known  as  the  qnick-acting  type. 

A  diagram  of  the  essential  parts  of  this  type  of  brake  is  shown  in  Fig.  296. 
Each  coach  is  equipped  with  a  brake  cylinder,  an  auxiliary  reservoir,  a 
**  triple  valve,'*  and  a  "  train  pipe  "  (to  which  the  triple  valve  is  connected) ; 
while  the  motor  cocMshes  are  equipped,  in  addition,  with  a  compressor,  a 
main  reservoir,  and  the  operating  (or  driver's)  valve. 

The  train-pipe  is  continuous  throughout  the  train,  and  is  connected  to 
the  driver's  valve,  to  which  is  also  connected  a  pipe  from  the  main  reservoir, 
and  a  connection  to  the  atmosphere. 

The  main-reservoir  pipe  is  also  continuous  throughout  the  train,  and  it 
connects  the  main  reservoirs  to  the  compressors.  Each  coeMsh  of  a  motor- 
coach  train  must,  therefore,  be  provided  with  two  hose  couplings  at  each 
end  (see  Figs.  283,  290). 

The  driver's  valve  is  of  the  rotary  type,  and  ccwi  connect  (1)  the  train- 
pipe  to  the  main  reservoir,  (2)  the  train-pipe  to  atmosphere,  while  it  can 
also  cut  off  the  connection  between  the  train-pipe,  the  main  reservoir,  and 
atmosphere. 

The  function  of  the  triple  valve  is  to  admit  air  from  the  auxiliary  reservoir 
to  the  brake  cylinder,  thi^  operation  depending  upon  the  difference  of  pres- 
sure between  the  auxiliary  reservoir  and  the  train-pipe.  When  the  pressure 
in  the  auxiliary  reservoir  exceeds  that  in  the  tram-pipe  (such  as  would 
happen  if  the  oriver's  valve  connected  the  latter  to  atmosphere)  the  triple 
valve  admits  air  to  the  brake  cylinder  and  the  brakes  are  applied.  On 
restoring  the  pressure  in  the  train-pipe  {e.g.  by  connecting  it  to  the  main 
reservoir),  the  triple  valve  releases  the  air  in  the  brake  cylmder  and  charges 
the  auxiliary  reservoir. 

In  order  to  secure  a  quick  releeise  after  an  application  of  the  brakes,  the 
pressure  in  the  auxiliary  reservoirs  is  about  20  lb.  per  sq.  in.  lower  than 
the  pressure  in  the  main  reservoir  (which  is  between  SO  and  90  lb.  per  sq. 
in.).  With  normal  applications  of  the  brake  it  is  necessary  to  discharge  the 
air  gradually  from  the  train-pipe  and  to  stop  the  exhaust  ^ntly.  ^is  is 
accomplished  by  means  of  an  equalising  piston  in  the  driver's  valve,  in 
conjunction  with  a  small  reservoir  (callea  the  equalising  or  brake-valve 
reservoir).  Tlie  equalising  piston  controls  the  exhaust  valve  (in  the  driver's 
valve)  for  the  train-pii>e,  and  is  operated  by  the  difference  of  pressure  be- 
tween the  brake-valve  reservoir  and  the  train-pipe.  The  driver's  veAve  is 
constructed  so  that  for  normal  applications  of  the  brake,  the  air  is  exhausted 
from  the  brake-valve  reservoir,  and  by  means  of  the  equalising  piston  a 
corresponding  reduction  of  pressure  is  obtained  in  the  train-pipe. 

The  ffradual  reduction  of  pressure  in  the  train-pipe  causes  the  triple 
valves  to  admit  air  gradually  from  the  auxiliary  reservoirs  to  the  brake 
cylinders,  so  that  the  brakes  are  applied  gradually  throughout  the  train. 

When  a  rapid  application  of  the  brakes  is  required  in  cases  of  emergency, 
the  driver's  valve  is  arranged  to  exhaust  air  directly  from  the  train-pipe, 
thereby  producing  a  sttdden  reduction  of  pressure.  Under  these  conditions 
the  triple  valves  admit  air  from  both  the  train-pipe  (through  a  check  valve) 
and  the  auxiliary  reservoirs  to  the  brake  cylinders,  so  that  a  rapid  applica- 
tion of  the  brakes  occurs  throughout  the  train. 

With  the  above  forms  of  the  compressed-air  brake  a  reduction  in  the 
braking  effort  (after  the  brakes  have  been  applied)  can  only  be  obtained  by 
ftiUy  releasing  the  brakes  and  re-applying  them.  This  discklvantage  has 
recently  been  overcome  by  the  introauction  of  a  vaxiable  release  device,*  by 
means  of  which  the  release  of  the  air  from  the  brake  cylinders  is  under  control, 
so  that  the  brakes  can  be  partially  released. 


*  For  details  of  the  variable  release  air  brake,  see  The  Electric  Journal,  vol.  10, 
p.  130,  article  on  ^'  The  Electro-Pneumatic  Brake  System.^' 
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CHAPTER  XVII 

ELECTRIC  LOCOMOTIVES 

In  Chapters  II  and  III  we  have  shown,  from  d3niamical  considerations, 
that  the  requirements  for  the  successful  operation  of  urban  and  suburban 
traffic  are  quite  different  from  those  for  main-line  traffic.  Thus  in 
suburban  traffic  the  energy  consumption  is  considerably  influenced  by 
the  acceleration,  the  retardation,  and  the  weight  of  the  train,  while  in 
main-line  traffic  these  quantities  have  only  a  slight  influence  on  the 
energy  consumption.  Therefore  the  suburban  train  must  be  of  relatively 
light  weight,  with  the  non-passenger-carrying  portion  restricted  to  a 
minimum.  These  conditions  are  satisfied  by  excluding  the  locomotive 
from  the  train  and  equipping  the  coaches  with  motors,  so  that  the  whole 
or  a  portion  of  the  weight  of  the  passengers  and  rolling  stock  is  utilised 
for  adhesion. 

On  the  other  hand,  the  requirements  of  long-distance  main-line 
traffic  involve  high  operating  speeds  and  the  running  of  various  types 
of  rolling  stock,  such  as  restaurant  and  dining  cars,  sleeping  saloons, 
corridor  and  non-corridor  coaches,  brake  vans,  &c.  Under  these  cir- 
cumstances the  use  of  motor-coach  trains  would  involve  several  difficulties 
in  operation,  while  the  maintenance  costs  would  be  prohibitive.  There- 
fore this  class  of  traffic  must  be  handled  by  locomotives. 

On  a  large  railway  system  there  will  be  two  other  classes  of  traffic 
to  be  catered  for,  viz.  (1)  local  passenger  traffic,  intermediate  between 
suburban  and  long-distance  traffic;  (2)  freight  or  goods  traffic.  The 
latter  class  of  traffic,  obviously,  must  be  operated  by  locomotives, 
and  a  consideration  of  the  operating  conditions  for  local  passenger 
traffic  will  generally  show  that  locomotive  operation  is  desirable  in 
this  case. 

Now,  as  the  services  for  which  locomotives  are  required  differ  con- 
siderably from  one  another,  it  is  apparent  that  the  locomotives  for 
operating  these  services  will  differ  from  one  another  in  mechanical 
design  and  electrical  equipment,  so  that  a  locomotive  designed  for  one 
class  of  traffic  will  generally  be  unsuitable  for  handling  another  class 
of  traffic.  This  point  must  be  carefully  considered  when  locomotives 
of  different  designs  are  compared. 

The  features  external  to  a  locomotive  which  have  to  be  considered 
in  its  design  include  (a)  those  associated  with  the  permanent- way,,  such 
as  (I)  the  loading  gauge,  (2)  the  maximum  concentrated  weight  which 
can  be  carried  by  the  permanent-way ;  (b)  those  associated  with  the 
rolling  stock,  as  for  example,  (3)  the  strength  of  the  couplings  and  draw- 
gear  ;    and  (c)  those  associated  with  the  service  requirements,  which 
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comprise  (4)  the  tractive-eflfort  or  draw-bar  pull  required,  and  (5)  the 
speed  at  which  this  pull  must  be  exerted.  In  addition,  the  influence 
of  the  wheel  arrangement  and  the  disposition  of  the  various  parts  of 
the  locomotive  must  be  considered  with  reference  to  the  wear  of  the 
permanent- way  and  the  cost  of  maintenance. 

With  electric  locomotives  the  loading  gauge  will  affect  the  height 
of  the  roof  of  the  cab  when  bow  or  pantagraph  collectors  are  used,  since 
the  lowest  operating  position  of  the  latter  must  be  within  the  loading 
gauge.  At  the  present  time,  however,  the  loading  gauge  (of  standard- 
gauge  railways)  has  not  introduced  any  serious  limitations  with  electric 
locomotives. 

The  maximum  load  which  can  be  placed  on  a  pair  of  driying 
wheels  depends  on  the  strength  of  the  permanent-way,  and  is  limited 
to  about  20  tons,  while  the  strength  of  bridges  will  generally  not  allow 
this  load  to  be  carried  on  more  than  three  axles  having  an  overaU 
wheel-base  of  14  ft.* 

The  maximum  draw-bar  pull  which  the  locomotive  must  exert  is 
limited  by  the  strength  of  the  couplings  and  draw-gear.  With  the 
passenger  rolling  stock  in  use  on  our  main-line  railways  the  draw-bar 
pull  at  starting  must  be  limited  to  about  16  tons.  With  wagons  and 
vans  for  goods  and  mineral  traffic  the  draw-bar  pull  must  he  limited 
to  about  12  to  14  tons,  on  account  of  the  large  number  of  privately- 
owned  wagons  in  use.f  When  specially-built  wagons  can  be  adopted, 
the  limiting  value  of  the  draw-bar  pull  can  be  raised  to  about  30  tons. 
In  a  given  case  the  draw-bar  pull  required  can  be  estimated  when  the 
weight  of  the  train,  the  acceleration,  the  gradient,  and  the  train  resist- 
ance are  known ;  while  the  tractive-effort  at  the  driving  wheels  will 
be  obtained  by  .adding  the  resistance  of  the  locomotive  %  to  the  draw- 
bar pull.  In  calculations  for  electric  trains  it  is  customary  to  include 
the  resistance  of  the  locomotive  with  the  train  resistance,  as  the  per- 
formance curves  of  the  locomotive  are  expressed  in  terms  of  the  input 
to  the  motors.  On  the  other  hand,  with  steam  trains  the  tractive  force 
is  always  measured  at  the  draw-bar,  and  the  performance  curves  of  the 
locomotive  are  expressed  in  terms  of  this  quantity. 

In  order  that  the  locomotive  shall  be  capable  of  exerting  the  required 
tractive-effort,  it  is  necessary  that  sufficient  weight  be  placed  on  the 
driving  wheels  to  prevent  slipping.  The  total  weight  on  the  driving 
wheels  is  usually  called  the  **  adhesive  weiffht/'  and  its  value  is  decided 
from  considerations  of  the  coefficient  of  friction  between  the  wheels 
and  rails.  The  ratio  of  the  tractive-effort  to  slip  the  wheels  and  the 
adhesive  weight  is  called  the  **  coefficient  of  adhesion,"  the  value  of 
which  is  influenced  by  the  condition  of  the  rails  and  also  by  the  speed. § 
Under  normal  starting  conditions,  with  clean  dry  rails,  it  is  customary 
to  assume  a  value  of  0-25  for  the  coefficient,  and  a  maximum  value  of 
0-3  when  sand  is  used.  If  the  rails  are  wet  or  greasy,  the  coefficient  of 
adhesion  will  be  much  lower ;   thus,  for  a  thoroughly  wet  rail  a  value 

*  This  corresponds  to  a  modem  4-6-0  steam  locomotive  in  which  the  adhesive 
weight  is  about  60  tons. 

t  The  usual  type  of  coupling  on  wagons  is  tested  to  50  tons,  and  a  f e^^tor  of  safety 
of  4  is  usually  allowed. 

{  The  resistance  of  locomotives  is  given  in  Chapter  XVIII,  p.  423. 

§  Average  values  of  the  coefficient  of  adhesion  at  various  speeds  are  : — 

Speed  ml.p.h.         .  .0  10        20        30       40       60 

Coefficient  of  adhesion  .      0'26      018     014    012     0*1     009 
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of  0*18  to  0*2  is  usually  assumed,  while  for  a  moist  or  greasy  rail  the 
coefficient  is  of  the  order  of  0-15.  The  application  of  sand,  however, 
will  enable  these  values  to  be  increased  to  about  0'26.  If  the  tractive- 
effort  fluctuates  during  starting,  the  maximum  value  of  the  tractive- 
effort  must  not  exceed  (adhesive  weight  x  coefficient  of  adhesion). 
Hence  the  more  uniform  the  tractive-effort  during  the  starting  and 
initial  accelerating  periods  the  heavier  will  be  the  train  which  can  be 
operated  by  a  locomotive  of  given  adhesive  weight.  This  point  is  of 
considerable  importance  for  goods  traffic,  where  the  weight  of  the  train 

Cona^k/t6  oufyn^. 
^'    *    •    »    * 


^peecf  in  m//eo  per  hour 


Fig.  297. — ^Dynamical  Performance  Curves  of  Steam  and 

Electric  Locomotives. 

usually  approaches  the  maximum  weight  which  can  be  handled  by 
the  locomotive. 

Since  all  locomotives  have  a  limiting  maximum  tractive-effort,  which 
is  determined  from  considerations  of  the  adhesive  weight  and  coefficient 
of  adhesion,  it  is  desirable,  in  electric  locomotives,  that  the  motors 
should  be  able  to  exert  this  tractive-effort  without  damage  to  themselves 
or  to  the  control  gear.  The  adhesive  weight  must  therefore  be  such 
that  the  maximum  tractive-effort  (corresponding  to  a  coefficient  of 
adhesion  of  0-26)  does  not  overload  the  motors  morie  than  76  per  cent. 

Characteristic  Features  of  Electric  Locomotives. — In  all  electric 

motors  operating  at  a  constant  voltage,  the  speed  and  torque  are  inti- 
mately associated  with  each  other.      Hence  mider  these  conditions  a 
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variation  of,  say,  the  tractive-effort  will  produce  a  corresponding  varia- 
tion of  the  speed,  and  when  series  motors  are  used  the  tractive-effort 
of  the  locomotive  will  fall  off  rapidly  as  the  speed  increases.  Now, 
since  the  train  resistance  increases  with  the  speed,  it  follows  that  if  a 
locomotive  with  an  equipment  of  series  motors  is  designed  for  operating 
at  a  high  free-running  speed,  then  the  tractive-effort  and  draw-bar  pufi 
at  low  speeds  will  probably  exceed  the  limiting  values  given  above  unless 
means  are  taken  to  limit  the  current  input  to  the  motors.  This  char- 
acteristic of  locomotives  equipped  with  series  motors  is  brought  out  in 
Fig.  297,*  in  which  are  given  the  speed-tractive-effort  curves  of  some 
recent  electric  locomotives,  together  with  those  of  some  modem  steam 
locomotives  for  comparison.  The  difference  in  the  slope  of  the  curves 
for  the  steam  and  electric  locomotives  is  very  marked,  and  the  *'  con- 
stant output "  feature  of  the  steam  locomotive  (due  to  the  variable 
cut-off)  is  also  shown.  The  electric  locomotives  to  which  the  curves  of 
Fig.  297  refer  were  designed  for  hauling  main-line  trains  over  the 
electrified  zone  of  the  New  York  lines,  and  in  this  case  the  draw-gear 
is  capable  of  withstanding  the  large  draw-bar  pull  at  low  speeds. 

.  Although  it  is  not  our  object  to  discuss  in  detail  the  future  of  mam- 
line  electrification,  nevertheless  we  may  point  out  that  the  curves 
given  in  Fig.  297,  for  the  express  passenger  locomotives,  indicate  that 
a  machine  having  a  constant-output  characteristic  (above,  say, 
20  ml.p.h.)  is  required  for  this  class  of  service.  This  characteristic  is 
possessed  by  the  adjustable-speed  shunt  motor  (i.e.  a  shunt  motor  with 
speed  variation  by  alteration  of  the  exciting  current).  For  operation 
at  high  voltages  the  shunt  field  windings  of  the  motors  would  have  to 
be  excited  from  the  motor-generator  used  for  supplying  the  lighting 
and  control  circuits,  and  it  would  also  be  desirable  to  provide  each 
motor  with  a  light  series  field.  The  speed  of  the  locomotive  would  then 
be  adjusted  by  altering  the  exciting  current  of  the  motors,  the  shunt 
fields  of  all  the  motors  being  connected  in  series.! 

The  polyphase  induction  motor,  wound  for  a  number  of  poles,  also 
possesses  a  similar  characteristic. 

The  influence  of  the  wheel  arrangement,  the  height  of  the  centre  of 
gravity,  and  the  disposition  of  the  various  parts  of  a  locomotive  on  its 
running  qualities,  is  a  large  and  controversial  subject,  and  we  pro- 
pose to  consider  only  what  appear  to  be  the  chief  causes  affecting  the 
running  qualities  and  track  wear. 

In  this  country  nearly  all  the  electric  railways  are  operated  with 
motor-coach  trains,  on  which  relativ^ely  large  motors  are  carried  on  the 
bogies.  On  those  railways  (e.gr.  the  District  and  Metropolitan  Railways, 
London)  which  operate  at  a  high  schedule  speed,  with  a  short  distance 
between  the  stations,  it  has  been  found  that  excessive  rail  wear  can 
only  be  prevented  by  the  use  of  specially  hard  rails  of  "  Sandberg  " 
steel.  J    The  excessive  rail  wear  is  due  to  a  combination  of  circumstances, 

♦  Given  by  Mr.  Roger  T.  Smith  in  a  paper  on  '*  Some  Railway  Conditions  Govern- 
ing Electrification.'*  See  Journal  of  the  InstittUton  of  Electrical  Engineers,  vol.  62, 
p.  293. 

t  The  use  of  motors  having  a  shunt  characteristic  for  main-line  fast  passenger 
traffic  has  recently  been  suggested  by  Monsieur  H.  Parodi  and  Mr.  Roger  T.  Smith. 
See  Journal  of  the  Institution  of  Electrical  Engineers,  vol.  61,  p.  646  ;  vol.  52,  p.  298. 

X  See  Minutes  of  Proceedings  of  the  Institution  of  Civil  Engineers,  vol.  179,  p.  79. 
See  Chapter  XX,  p.  462,  for  particulars  of  "  Sandberg  "  steel. 
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among  which  may  be  included : — The  high  values  adopted  for  the  accelera- 
tion and  braking,  the  large  number  of  trains  running  on  the  track  dunng 
the  "  rush  "  houra  {e.g.  the  service  on  a  portion  of  the  District  Railway 


is  forty-five  trains  per  hour),  the  large  number  of  driving  axles,  the 
use  of  wheels  of  small  diameter,  and  the  unepring-bome  Toad  on  the 
driving  axles. 

With  locomotives,  the  chief  trouble  with  the  track  is  the  "spread- 
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ing"  of  the  raik,  due  to  excessive  lateral  pressure  from  the  wheel 
flanges.  The  lateral  pressure  is  produced,  by  the  transverse  move- 
ment of  the  locomotive  between  the  track-rails  (this  motion  being 
termed  "  nosing ")  which  causes  the  flanges  of  the  wheels  to  deliver 
blows  to  the  side  of  the  rail  head.  The  magnitude  of  these  blows  has 
been  determined  experimentally  *  (on  the  Pennsylvania  Railway)  with 
different  types  of  electric  and  steam  locomotives.  It  was  found  that 
the  maximum  blows  (equivalent  to  a  steady  force  of  11-8  tons)  were 
dehvered  by  electric  locomotives  of  the  ".gearless"  type  (see  below), 
having  a  low  centre  of  gravity,  while  the  minimum  blows  (equivalent 
to  a  steady  force  of  2-36  tons)  were  produced  by  a  steam  locomotive, 
the  speeds  in  the  tests  ranging  from  45  to  90  ml.p.h.  Other  electric 
locomotives  with  geared  motors  and  with  side-rods  arranged  in  a  similar 
manner  to  the  steam  locomotive  (see  Fig.  298)  were  also  tested,  and 
were  found  to  give  results  intermediate  to  the  above,  the  side-rod 
locomotive,  in  which  the  motors  were  located  in  the  cabs,  delivering 
blows  having  a  maximum  value  double  those  delivered  by  a  steam 
locomotive  with  the  same  wheel  arrangement  and  height  of  centre  of 
gravity.  Generally,  for  running  at  high  speeds,  it  has  been  found  that 
the  locomotive  must  be  equipped  with  a  leading  bogie,  and  this  is  in 
accordance  with  steam  locomotive  design. 

Methods  of  Transmitting  the  Power  from  the  Motors  to  the 

Driving  Wheels, — There  are  three  general  methods  adopted  for  trans- 
mitting the  power  from  the  motors  to  the  driving  axles,  and  electric 
locomotives,  therefore,  can  be  divided  into  three  classes,  viz.  (1)  the 
"  gearless  "  locomotive,  in  which  the  armatures  of  the  motors  drive  the 
axles  direct ;  (2)  the  "  geared  "  locomotive,  in  which  the  axles  are  driven 
through  gearing ;  (3)  the  '*  side-rod  "  locomotive,  in  which  the  axles 
are  driven  through  side  connecting-rods. 

The  gearless  locomotive  can  be  divided  into  two  sub-classes,  accord- 
ing to  the  manner  in  which  the  armature  is  carried  on  the  axle.  Thus 
the  armature  may  be  pressed  directly  upon  the  axle,  with  a  special 
bi-polar  f  field  frame  incorporated  in  the  truck,  and  so  arranged  that 
the  armature  may  have  vertical  play  without  striking  the  pole-faces 
(see  p.  365) ;  or,  alternatively,  the  armature  may  be  fixed  to  a  hollow 
sleeve  or  "  quUl "  which  surrounds  the  axle  with  sufficient  clearance 
to  allow  for  the  vertical  play  of  the  latter,  the  torque  being  transmitted 
from  the  quill  to  the  driving  Wheels  through  springs,  which  also  tend  to 
maintain  the  quill  and  axle  in  their  correct  relative  positions.  The 
field  frame,  in  this  case,  must  be  centred  on  the  quill  by  suitable  bearings, 
and  must  be  supported  from  the  truck  frame. 

The  geared  locomotive  can  also  be  divided  into  two  sub-classes, 
which  comprise  (a)  a  rigid  and  (h)  a  flexible  drive  as  above.  In  the 
rigid  drive  the  motor  is  supported  on  the  truck  and  the  axle  in  the 
manner  shown  in  Fig.  280  (p.  334).  This  method  is  used  extensively 
with  continuous-current  locomotives  operating  at  low  and   moderate 

*  See  Journal  of  ike  InstiitUion  of  Electrical  Engineers,  vol.  61,  p.  648. 

t  With  a  multipolar  field  frame  it  is  necessary  to  support  the  frame  on  the  axle 
in  order  to  maintain  the  armature  and  field  in  the  correct  relative  positions  (assuming 
the  truck  frame  to  be  spring-supported  from  the  axle  boxes).  Ii  the  truck  frame  is 
supported  directly  on  the  axle  boxes  without  springs,  then  the  frames  of  the  motors 
can  bo  fi>ced  to  the  truck  frfune  and  no  axle  supports  are  required. 
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sj)eeds.  When  large  motors  (of  300  H.P.)  are  used  on  slow-speed 
locomotives,  it  is  the  practice  to  fit  twin  gears,  one  at  each  side  of 
the  motor,  as  shown  in  Fig.  310  (p.  377),  as  by  these  means  the  pressure 
on  the  teeth  is  more  uniform  than  when  a  single  gear  is  used,  and  con- 
sequently higher  tooth  pressures  may  be  adopted.* 

The  flexible  drive  has  been  developed  for  single-phase  motors,  to 
overcome  the  vibration  due  to  the  pulsating  torque,  and  in  this  case 
the  gear-wheel  is  mounted  on  a  quill  and  drives  the  wheels  through 
springs  (see  Fig.  316),  the  motor  being  supported  from  the  truck  frame 
and  centred  on  the  quill. 

The  side-rod  locomotive  has  received  its  greatest  development  from 
Continental  engineers,  and  numerous  designs  have  been  evolved,  some 
of  which  have  been  successful.  The  object  of  this  type  of  locomotive 
is  to  enable  one  or  two  large  motors  to  be  used  instead  of  a  number  of 
smaller  machines.  The  motors  are  located  in  the  cab,  and  drive  the 
wheels  from  the  outside  by  means  of  cranks  and  side  rods,  a  suitable 
number  of  wheels  being  coupled  together  to  obtain  the  adhesion  required. 
In  this  manner  a  high  centre  of  gravity  is  secured,  and  the  axles  are 
relieved  of  heavy  non-spring-borne  loads.  One  form  of  drive,  which 
is  adopted  on  the  4000-H.P.  Pennsylvania  locomotives,  is  shown  in  Fig. 
298,  while  the  completed  locomotive  is  illustrated  in  Fig.  314.  It  will 
be  seen  that  the  locomotive  is  built  in  two  halves  with  the  trucks 
"  articulated "  (t.e.  hinged  together).  On  each  truck  is  mounted  a 
2000-H.P.,  10  pole,  600-volt,  continuous-current  moter,  with  a  crank  at 
each  end  of  the  armature  shaft,  the  cranks  being  set  at  right  angles  to 
each  other.  Each  crank  is  coupled,  by  means  of  connecting  rods,  to  a 
transverse  crank-shaft  (called  a  "  jack-shaft "  t)  mounted  in  bearings 
on  the  truck  frame,  and  the  wheels  are  driven  from  the  jack-shaft  through 
coupling  rods.  The  connecting-rods  between  the  jack-shaft  and  the 
wheels  are  horizontal,  and  the  wheel  arrangement  is  the  same  as  that 
of  a  steam  locomotive. 

The  majority  of  the  Continental  designs  for  the  side-rod  drive  have 
been  developed  for  single-phase  locomotives,  using  either  one  or  two 
motors  per  locomotive.  We  do  not  propose  to  discuss  all  of  these 
designs  in  detail,  since  a  large  number  of  them  dre  of  an  experimental 
nature.l  It  is  necessary,  however,  to  refer  to  one  type  of  side-rod 
drive  (viz.  the  "  scotch  yoke  ")  in  which  the  usual  type  of  connecting- 
rod  is  not  adopted.  For  this  drive  two  motors  are  necessary,  which  must 
be  arranged  on  either  side  of  a  central  axle  carrying  driving  wheels. 
The  armatures  are  fitted  with  cranks  in  the  same  manner  as  the  above 
motors,  and  the  .crank-pins  are  connected  together,  on  each  side  of  the 
locomotive,  by  an  inverted  triangular  framework,  called  a  "  scotch  yoke  " 

*  In  some  cases  springs  are  inserted  b3tween  the  rims  and  the  hubs  of  the  gear 
wheels  to  equalise  the  stresses  between  the  two  sots  of  gears  (see  General  Electric 
Beview.  vol.  19,  p.  13). 

t  The  jack  shaft  is  necessary  since  the  motors  are  mounted  on  the  locomotive 
framing,  which  is  spring-supported  on  the  axles.  With  a  horizontal  drive  from 
the  jack  shaft  to  the  driving  wheels,  the  vertical  motion  of  the  latter,  due  to  irregu- 
larities in  the  track,  has  only  a  very  small  effect  on  the  distance  between  the  centres 
of  the  crank-pins,  and  is  provided  for  by  the  clearance  between  the  axle  boxes  and 
the  guides. 

J  A  number  of  designs  are  given  in  the  papers  on  "  Electric  Locomotives  "  by 
Mr.  F.  Lydall  (Journal  of  the  Institution  of  Electrical  Engineers,  vol.  61,  p.  739; 
vol.  62,  p.  381). 
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(see  Fig.  299).  In  the  apex  of  this  framework  is  a  vertical  slot,  in  which 
slides  ft  block  forming  the  bearing  of  one  of  the  crank-pine  on  the  central 
driving  wheels.  The  rotation  of  the  armature  is,  therefore,  imparted 
to  the  driving  wheels  through  the  slotted  crank-pin  bearing,  and  the 
slotted  connection  allows  for  the  vertical  motion  of  the  axle  relative 
to  the  motors,  since  the  latter  are  mounted  on  the  locomotive  framing. 
The  other  driving  wheels  are  driven  from  the  centre  of  the  scotch  yoke 
by  coupling  rods  (see  Figs.  320,  338,  339,  340). 

This  drive  possesses  the  advantages  of  fewer  parts  and  a  lighter 
mechanical  construction  than  the  connecting-rod  drive  in  which  a  jack- 
shaft  is  used.  On  the  other  hand,  the  direct  drive  with  scotch  yokes 
can  only  be  used  for  motors  in  which  the  armature  diameter  does  not 
exceed  that  of  the  driving  wheels.     (This  will  be  apparent  from  an 
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Fio.'  299.— Diogram  of  the  Scotch-yoke  Drive. 

inspection  of  Fig.  299.)  With  three-phase  motors  this  restriction  does 
not  present  any  serious  drawback,  since  motors  rated  at  1000  H.P. 
can  be  used  with  42-in.  driving  wheels.  Single-phase  motors,  however, 
require  a  much  larger  armature  diameter  than  three-phase  machines, 
and  consequently  they  cannot  be  mounted  in  this  manner,  as  very  large 
driving  wheels  (and  therefore  a  very  slow  speed  motor)  would  be  required. 
In  this  case  it  is  necessary  to  introduce  gearing  hetween  the  motors 
and  the  scotch  yokes,  the  latter  being  driven  from  jack-shafts  geared  to 
the  armatures  (see  Fig.  321). 

When  a  number  of  axles  are  driven  through  side  coupling-rods,  it 
is  essential  that  all  the  former  »hou1d  remain  substantially  parallel. 
In  order  to  enable  locomotives  having  five  coupled  axles  to  negotiate 
curves,  the  outer  driving  axles  must  be  allowed  considerable  end-play — 
from  1  in,  to  \\  in.,  depending  on  the  wheel-base  and  curvature  of 
track — the  central  axle  must  either  be  allowed  end-play  or  be  provided 
with  wheels  without  flanges,  and  the  inner  pair  of  dnving  axles  must 
have  no  end-play. 
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Discussion  on  the  above  methods  of  power  transmission.— Before 

discussing  the  electrical  equipment  of  locomotives,  it  will  be  desirable 
to  consider  the  limitations  and  characteristic  features  of  the  above 
methods  of  transmitting  the  power  from  the  motors  to  the  driving  axles. 

First  let  us  investigate  the  limitations  of  the  geared  locomotive. 

We  have  already  shown  (Chapter  IV)  that  the  size  of  the  motor,  when 
mounted  in  the  usual  manner,  is  limited  by  the  diameter  of  the  driving 
wheels.  With  wheels  48  in.  in  diameter  a  continuous-current  motor 
rated  at  300  H.P.  can  be  accommodated,  and  with  60-in.  wheels  a  motor 
of  probably  500  H.P.  could  be  accommodated.* 

Assuming  that  the  size  of  the  motor  presents  no  difficulty,  we  have 
still  to  consider  the  gearing.  The  limitation  here  is  the  peripheral  speed 
of  the  pitch  circle,  which,  at  the  maximum  speed  of  the  locomotive, 
should  not  exceed  2500  to  3000  ft.  per  minute  for  spur-gearing  with  straight 
teeth,  t  This  limiting  speed  must  also  be  considered  in  relation  to  the 
limiting  peripheral  speed  of  the  armature,  which  is  generally  about 
7500  ft.  per  minute  for  continuous-current  railway  motors.^ 

When  the  size  of  the  driving  wheels  and  the  maximum  speed  of  the 
locomotive  are  fixed,  the  maximum  diameter  of  the  pitch  circle  of  the 
gear-wheel  can  be  obtained  by  assuming  an  appropriate  value  for  the 
limiting  gear  velocity.  This  diameter,  however,  must  provide  sufficient 
clearance  between  the  bottom  of  the  gear-case  and  the  track,}  which 
is  generally  the  limiting  feature  in  slow  and  moderate  speed  locomotives. 
The  maximum  gear  ratio  and  the  peripheral  speed  of  the  armature  can 
then  be  obtained  when  the  distance  between  the  centres  of  the  axle  and 
armature  shaft  is  known. 

Now  the  object  of  the  gear  drive  is  to  enable  a  motor  running  at  a 
moderate  speed  to  be  used,  and  a  little  consideration  of  the  above  limi- 
tations YnW  show  that,  when  high  speeds  are  required,  a  high  gear  velocity 
must  be  adopted  if  motors  of  large  size  are  to  be  used.  This  will  be 
apparent  from  the  following  example.  Suppose  we  have  a  large  geared 
motor,  having  an  armature  diameter  of  30  in.,  which  requires  driving 
wheels  of  a  minimum  diameter  of  60  in.,  the  distance  between  the  centres 
of  the  armature  and  axle  being  29  in.  First  consider  the  use  of  this 
motor  on  a  locomotive  for  which  the  maximum  speed  is,  say,  46  ml.p.h. 
Then,  assuming  a  maximum  gear  velocity  of  3000  ft.  per  minute,  we 
have — 

3000 
Maximum  diameter  of  pitch  circle  of  gear  wheel=^^^  x  60=45*6  in. 

[45  ml.p.h.=3960  ft.  per  min.] 

Hence  the  minimum  diameter  of  the  pinion =2(29 ^  j=12*6  in., 

45-5 
and  the  maximum  gear  ratio=|-^=3-64  :  1. 

*  The  three-phase  locomotives  built  by  the  General  Electric  Co.  for  the  Cascade 
Tunnel  have  60-in.  driving  wheels  and  geared  motors  rated  at  500  H.P. 

t  For  helical  gearing  these  speeds  can  be  increased  considerably.  Thus,  for  the 
triple-helical  gears  on  the  Lotschoerg  locomotive  (Fig.  320),  the  gear  velocity  at  the 
maximum  locomotive  speed  is  4500  ft.  per  minute. 

}  With  large  single-phase  motors  the  limiting  peripheral  speed  of  the  armature 
is,  in  some  cases,  of  the  order  of  10,000  ft.  per  minute. 

§  For  approximate  purposes  the  maximum  diameter  of  the  cear  wheel  may  be 
assumed  at  from  75  per  cent,  to  80  per  cent,  of  the  diameter  of  the  driving  wheel. 
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The  peripheral  speed  of  the  armature,  corresponding  to  a  locomotive 
speed  of  45  ml.p.h.,  will  be— 

3960x3-64x^=7220  ft.  per  minute, 

which  is  practically  equal  to  the  limiting  value  given  above. 

Thus,  we  have  the  limiting  gear  velocity  and  the  limiting  armature 
speed  both  occurring  at  the  same  locomotive  speed,  so  that  the  full 
advantage  of  the  geared  motor  is  obtained. 

Let  us  now  consider  the  possibility  of  using  this  motor  on  a  loco- 
motive for  which  the  maximum  speed  is,  say,  65  ml.p.h.  Then,  assum- 
ing the  maximum  gear  velocity  to  be  3000  ft.  per  minute  (as  above), 
we  have — 

3000 
Maximum  diameter  of  pitch  circle  of  gear  wheel=^=^x  60=31*5  in. 

[65  ml.p.h.  =  5720  ft.  per  minute.] 

Hence  the  minimum  diameter  of  the  pinion=2(29 ^  J =26*5  in., 

and  the  maximum  gear  ratio=s7r-s.=l*19  : 1. 

^b*o 

The  peripheral  speed  of  the  armature,  corresponding  to  a  locomotive 

speed  of  65  ml.p.h.,  will  be — 

30 
5720xl-19x~=3400ft.  per  minute, 

which  is  less  than  half  of  the  limiting  value  given  above. 

A  higher  peripheral  speed  of  the  armature  can  be  obtained  either 
by  increasing  the  gear  velocity  and  employing  some  method  of  forced 
lubrication,  or  by  increasing  the  diameter  of  the  driving  wheels.  But, 
by  the  use  of  a  smaller  motor,  we  can  arrange  for  the  limiting  armature 
speed  to  be  reached  at  the  same  time  as  the  limiting  gear  velocity. 
Thus  for  a  motor  with  an  armature  diameter  of  18^  in.,  the  distance 
between  the  centres  of  the  armature  and  the  axle  is  16*5  in.  With  this 
motor  and  48-in.  driving  wheels,  the  peripheral  speed  of  the  armature 
(corresponding  to  a  locomotive  speed  of  65  ml.p.h.  and  a  gear  ratio  of 
3-22  : 1)  is  7100  ft.  per  minute. 

Limitations  and  characteristic  features  of  the  jSfearless  motor.— 

When  the  armature  is  mounted  directly  upon  the  axle,  the  full  distance 
between  the  wheel  flanges  can  be  utilised  for  electrical  purposes  by  adopt- 
ing a  two-pole  design,  but  with  a  multipolar  design  or  a  flexible  drive 
the  bearings  for  the  frame  will  require  about  25  per  cent,  of  this  distance. 
Hence  the  two-pole  motor  will  allow  of  the  use  of  smaller  driving  wheels 
than  a  multipolar  machine,  thereby  leading  to  a  more  economical 
design  on  account  of  the  higher  armature  speed. 

As  an  example  we  may  consider  the  motors  on  the  original  New  York 
Central  locomotives,  which  were  designed  for  a  maximum  operating 
speed  of  65  to  70  ml.p.h.  The  motors  are  of  a  special  two-pole  tjme 
(see  Fig.  300),  in  which  the  armature  and  commutator  occupy  the 
whole  distance  between  the  wheel  flanges.  They  are  rated  at  560  H.P., 
and  the  respective  diameters  of  the  wheels  and  armatures  are  44  in.  and 
29  in.  The  adoption  of  a  multipolar  design  or  a  flexible  drive  would 
have  necessitated  an  increase  in  the  armature  diameter  (on  account  of 


ELECTRIC  LOCOMOTIVES 


865 


the  bearings  for  the  frame  requiring  about  26  per  cent,  of  the  distance 
between  the  wheel  flanges),  and  a  still  larger  increase  in  the  diameter 
of  the  driving  wheels.  It  is  clear  that,  under  these  circumstances,  the 
multipolar  design  will  lead  to  a  heavier  and  more  costly  machine  than 


a  two-pole  design.  There  are  limits,  however,  to  the  maximum  size 
of  motor  which  can  be  carried  directly  upon  the  axle.  Firstly,  the 
low  centre  of  gravity  will  probably  result  in  bad  riding  qualities,  and, 
secondly,  a  large  dead  weight  on  the  axles  will  lead  to  increased  track 
wear  at  cross-overs  and  junctions.    These  considerations  appear  to  limit 
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the  size  of  this  type  of  motor  to  about  600  H.P.,  since  the  motors  on 
the  recent  New  York  Central  locomotives  are  rated  at  330  H.P. 

When  it  is  desired  to  use  one  or  two  large  motors  on  a  locomotive, 
the  wheels  must  be  driven  through  side  rods,  in  order  that  the  diameter 
of  the  armature  shall  not  be  restricted  by  that  of  the  driving  wheels. 
The  motors  are  then  supported  on  the  truck  frame,  thereby  relieving 
the  axles  of  non-spring-bome  load  and  giving  the  locomotive  better 
riding  qualities,  due  to  the  higher  centre  of  gravity.  In  cases  where 
the  diameter  of  the  rotor  or  armature  does  not  exceed  that  of  the  driving 
wheels,  the  direct  drive  through  scotch  yokes  may  be  adopted,  which 
has  several  advantages  over  the  connecting-rod  drive  with  jack-shafts. 

We  have  already  stated  that  numerous  designs  have  been  evolved  for 
side-rod  locomotives,  and  that  some  of  these  have  not  been  successful. 
An  examination  of  the  mechanism  of  the  rfde-rod  drive  with  connect- 
ing rods  and  jack-shafts  will  reveal  several  fundamental  differences 
between  it  and  the  similar  drive  adopted  on  a  steam  locomotive. 

Thus  there  is  no  "free  end"  corresponding  to  the  piston,  and 
consequently  the  centres  between  all  crank-pins  must  be  rigidly  main- 
tained. Any  wear  in  the  crank-pin  bearings  or  the  bearings  of  the 
jack-shaft  will  therefore  result  in  excessive  stresses  and  bearing  pres- 
sures.* In  order  to  avoid  excessive  vibrations  from  these  causes  it  will 
be  necessary  to  provide  means  for  the  accurate  adjustment  of  the  bear- 
ings. The  parts  will  also  have  to  be  designed  to  withstand  these 
increased  stresses,  and  in  some  cases  it  may  be  necessary  to  introduce 
springs  or  other  devices  in  the  driving  mechanism. 

Also  the  conversion  of  the  uniform  torque  of  the  motors  into  a 
reciprocating  motion  produces  severe  stresses  in  the  motor  shaft,  jack- 
shaft,  and  locomotive  framing. 

Consider  first  the  forces  acting  on  the  motor  shaft.  Since  the  cranks 
are  set  at  right  angles  to  each  other,  there  will  be  four  positions  in  each 
revolution  where  the  full  torque  of  the  motor  is  transmitted  through 
one  crank.  Therefore  each  connecting  rod  is  subjected  to  an  alter- 
nating force  having  a  maximum  value  represented  by — 

maximum  value  of  torque  I 
radius  of  crank 

Now  if  the  forces  acting  on  each  crank-pin  are  resolved  in  two  direc- 
tions at  right  angles — one  direction  being  along  the  line  of  centres — ^it 
will  be  found  that  the  motor  shaft  is  subjected  to  reciprocating  forces 
and  alternating  couples  in  these  directions ;  the  reciprocating  forces 
and  couples  changing  their  direction  four  times  in  each  revolution. 
These  forces  act  on  the  motor  bearings  and  frame,  and  must  be  taken 
into  account  in  the  design  of  the  machine  and  the  locomotive  framing. 
(Note  the  rigid  frame  of  the  motor  illustrated  in  Fig.  298.) 

The  jack-shaft  will  be  subjected  to  greater  stresses  than  the  motor 
shaft,  for,  in  addition  to  the  alternating  forces  and  couples,  there  is  the 
large  twisting  moment,  due  to  the  transmission  of  the  full  power  through 
alternate  cranks  four  times  in  each  revolution.  The  forces  and  couples 
resulting  from  the  connecting-rods  and  coupling-rods  will  depend  on  the 

*  See  an  article  on  **  The  Crank  Drive  in  Electric  Locomotives  "  by  J.  Buchli 
(The  Electrician,  vol.  73,  p.  992  ;   Tf^  Engineer,  vol.  120,  p.  287). 

t  With  single-phase  motors  the  torque  is  pulsating,  and  consequently  the 
maximum  or  crest  value  must  be  used  in  the  above  esqpression. 
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angle  between  the  former  and  the  latter,  the  maximum  values  occurring 
when  this  angle  is  90  degrees,  i.e.  when  the  connecting-rods  are  at  right 
angles  to  the  coupling-rods.  Moreover,  the  forces  at  each  crank-pin 
can  be  resolved  into  a  couple  and  a  force,  the  axis  of  the  couple  and  the 
direction  of  the  force  both  rotating  with  the  jack -shaft. 

It  is  apparent,  therefore,  that  the  jack-shaft,  the  cranks,  and  the 
connecting-rods  will  have  to  be  exceptionally  strong,  while  the  bearings 
for  the  jack-shaft  must  be  liberally  designed.  On  several  Continental 
locomotives  the  jack-shaft  has  a  diameter  of  10  in.,  and  special  steels 
are  used  for  the  above  parts.  The  mechanical  construction  of  this  type 
of  locomotive  will,  therefore,  be  more  expensive  than  that  of  locomotives 
in  which  jack-shafts  and  connecting-rods  are  not  used.* 

Another  feature  which  is  of  special  importance  with  side-rod  loco- 
motives, is  the  large  forces  to  which  the  transmission  gear  may  be 
subjected  when  the  armature  is  stopped  suddenly,  as  for  instance 
when  the  driving  wheels  are  skidded  by  excessive  pressure  of  the  brake 
shoes,  or  when  a  flash-over  occurs  at  the  brushes.  There  are  two 
methods  of  preventing  damage  to  the  transmission  gear  under  these 
abnormal  conditions,  viz.  (1)  to  arrange  that  the  armatures  shall  slip 
round  on  their  shafts  whenever  the  torque  exceeds  a  predetermined 
value ;  (2)  to  design  all  the  running  parts  to  withstand  the  stresses  under 
these  abnormal  conditions.  The  first  method  is  adopted  in  the  Pennsyl- 
vania locomotives,  and  has  given  satisfactory  results  in  practice,  except 
that  the  mechanical  balance  has  to  be  readjusted  after  a  slip  occurs. 
The  second  method  has  been  adopted  for  the  majority  of  the  Conti- 
nental locomotives  in  which  the  mechanical  parts  are  designed  with 
sufficient  strength  to  enable  the  motors  to  slip  the  driving  wheels  when 
the  coefficient  of  adhesion  is  0*33. 

The  Umiting  speed  of  a  side-rod  locomotive  is  governed  by  the  per- 
missible angular  velocity  of  the  crank  shafts  and  the  limiting  peripheral 
speed  of  the  armature.  Experience  on  the  Continent  shows  that  rotative 
speeds  of  from  450  to  600  r.p.m.  are  practicable  with  electric  loco- 
motives, owing  to  the  possibility  of  accurately  balancing  the  rotating 
parts.  These  values  may  be  considered  as  the  limiting  values  of  the 
angular  velocity  of  the  armature,  and  since  the  diameter  of  the  armature 
is  not  restricted  by  that  of  the  driving  wheels,  we  can  make  the  limiting 
peripheral  velocity  coincide  with  the  limiting  angular  velocity  and 
secure  an  economical  design.  Thus,  if  the  limiting  angular  and  peri- 
pheral velocities  be  assumed  as  475  r.p.m.  and  7500  ft.  per  minute 
respectively,  then,  for  a  maximum  locomotive  speed  of  80  ml.p.h.,  the 
diameter  of  the  driving  wheels  will  be  56-5  in.,  while  the  maximum 
diameter  of  the  armature  will  be  60  in.  If  the  maximum  locomotive 
speed  is  of  the  order  of  50  ml.p.h.,  then  it  will  be  necessary  to  adopt 
a  lower  value  for  the  limiting  angular  velocity,  as  the  above  value  will 
lead  to  small  driving  wheels.    Assuming  the  minimum  diameter  of  the 

*  In  a  paper  on  "  Electric  locomotives,"  Mr.  F.  Lydall,  after  discussinff  the 
breakages  of  tne  connecting-rods  on  some  Continental  side-rod  locomotives,  concludes 
with :  **  Partly  for  this  reckon  and  also  on  other  grounds  connected  with  the  first 
cost,  there  is  a  tendency  at  present  on  the  Continent  towards  the  use  of  gearing  rather 
than  connecting-rods  for  transmitting  the  torque  to  the  jack-shaft  or  direct  to  the 
axles.  If  the  author  (of  the  paper)  is  not  mistaken,  this  is  also  the  genereJ  conclusion 
in  the  United  States,  where  the  connecting-rod  drive  does  not  find  much  favour  *' 
{JourruU  of  the  Institution  of  ElecirUal  Engineera,  vol.  52,  p.  384). 
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|A  large  number  of  continuous-current  geared  locomotives  have  the 
body  constructed  \*dth  a  central  cab  (forming  the  driver's  cabin)  and 
two  sloping  ends.  The  compressor,  blower,  master  controllers,  brake 
valves,  circuit-breakers  and  switches  are  located  in  the  central  cab ; 
while  the  contactors,  reversers,  rheostats  and  brake  reservoirs  are 
located  in  the  sloping  ends.  This  arrangement  of  the  apparatus  is 
indicated  diagrammatically  in  Fig.  301,  which  refers  to  the  Detroit 
River  Tunnel  locomotives  described  below. 

In  some  cases,  however,  the  compressor  and  blower  are  located  in 
the  sloping  ends,  while  the  contactors,  rheostats,  and  other  control 
apparatus  are  located  in  the  cab.  This  apparatus  is  then  arranged  on 
a  steel  structure  with  expanded-metal  screens,  and  is  located  in  the 
centre  of  the  cab  (see  Fig.  302),  so  that  each  part  is  readily  accessible 
for  inspection.  The  illustrations  in  Fig.  302  refer  to  standard  60-ton 
locomotives  of  the  Westinghouse  Co.,  and  provide  an  excellent  example 
of  compactness  and  accessibility.  The  control  apparatus  is  of  the 
electro-pneumatic  type  :  on  the  floor  are  located  the  reverser,  control- 
circuit  rheostat,  and  the  distributing  valve  for  the  air  brake  ;  the 
centre  tier  carries  the  "  switch  group  '*  and  the  circuit-breaker  (or  '*  line 
switch  ") ;  while  the  top  tier  carries  the  rheostats.  The  rheostat  com- 
partment is  enclosed  with  sheet  steel  doors  which  extend  to  the  roof, 
and  the  latter  is  provided  with  ventilators,  so  that  an  effective  circula- 
tion of  air  through  the  rheostats  is  obtained.  The  master  controller 
and  the  driving  position  are  also  shown  in  the  illustrations. 

The  body  of  single-phase  locomotives  is  usually  of  the  box  or  coach 
type,  and  contains  the  whole  of  the  control  and  auxiliary  apparatus, 
while  the  interior  is  divided  into  compartments,  to  separate  the  high- 
tension  apparatus. 

Examples  of  Elbctmc  Locomotives  "* 

The  following  examples  are  representative  of  modem  continuous- 
current  and  alternating-current  locomotives.  Detailed  descriptions  of 
the  motors,  control  and  auxiliary  apparatus  are  not  included,  as  a  large 
portion  of  this  equipment  is  described  elsewhere  (see  Chapters  IV,  V, 
VI,  IX,  X,  XI,  XIV). 

OontinuouB-current  Locomotives.— Two  examples  of  geared  loco- 

motiveSy  which  are  in  service  on  the  Metropolitan  Railway  (London), 
are  illustrated  in  Figs.  303,  304.  Each  locomotive  has  a  nominal  weight 
of  50  tons,  and  is  designed  for  handling  non-electrified  rolling  stock  and 
goods  trains,  the  load  being  limited  to  a  maximum  of  250  tons.  In 
order  to  provide  for  the  two  types  of  brakes  (viz.  the  vacuum  and  the 
air-brake)  in  use  on  the  rolling  stock,  an  air  compressor  and  vacuum 
pumps  are  included  in  the  equipment  of  each  locomotive.  A  reference 
to  Figs.  303,  304  will  show  that  the  body  is  mounted  on  two  bogie- 
trucks  with  swing  bolsters,  and  the  draw-  and  buffing-gear  are  built 
into  the  underframe.  The  whole  tractive-effort  of  each  bogie  must, 
therefore,  be  transmitted  through  the  centre-pins  to  the  imderframe. 
Each  truck  is  equipped  with  two  200-H.P.,  600-volt,  geared  motors, 
and  collector  shoes. 

*  The  principal  dimensions,  weights,  and  other  data  of  the  locomotives  dis- 
cussed here  are  given  in  tabular  form  at  the  end  of  this  chapter. 


ELECTRIC  LOCOMOTIVES  871 

In  the  locomotive  equipped  by  the  B.  T.-H.  Oo.  (Reference  No.  1, 
Table  XIII),  each  pair  of  motors  is  controlled  on  the  series -parallel 
eystem,  and  the  two  paire  are  controlled  on  the  multiple -unit  system 
(Type  M  control),  as  described  in  Chapter  IX.  A  master  controller, 
together  with  the  brake  valves  and  gauges,  is  installed  at  each  end  of 
the  cab,  as  shown  in  Fig.  305,  while  the  contactors,  reversers,  and 
rheostats  for  each  pair  of  motors  are  located  on  each  side  of  the  cab, 
as  shown  in  Fig.  306,  thereby  providing  a  central  gangway  and  facilities 
for  inspection.  A  switch  panel  is  fixed  at  one  end  of  the  cab  and  carries 
the  main  switches  for  the  motor  circuit,  together  with  the  switches  and 
fuses  for  the  control  circuits,  pumps,  compressor,  and  lighting. 


In  the  locomotive  equipped  by  the  British  WeBtinghonse  Oo.  each 
pair  of  motors  is  controlled  by  a  group  of  electro- pneumatic  contactors 
of  the  type  illustrated  in  Fig.  158  (p.  186),  and  the  two  groups  are 
controlled  on  the  multiple-unit  system.  The  central  portion  of  the  cab 
contains  the  master  controllers,  brake  valves,  motor-generator  sets  for 
supplying  the  control  circuit,  switches  for  the  control  and  main  circuits, 
main  circuit-breakers,  and  reversers.  The  vacuum  pumps,  air  reservoirs, 
contactor  groups,  and  rheostats  are  located  in  the  sloping  ends,  while 
the  compressor  is  located  underneath  the  body  between  the  trucks. 

Another  example  (Reference  No.  2,  Table  XIII)  of  this  class  of 
locomotive,  equipped  by  the  B.  T.-H.  Oo.,  is  shown  in  Fig.  307.  This 
locomotive  is  in  service  on  the  North-East^^  Railway  (Tyneside  electri- 
fied section)  for  handling  goods  traffic,  and  is  provided  with  collector 
shoes  and  a  pantagraph  collector,  [The  overhead  construction  is  used 
in  yards  where,  on  account  of  the  complicated  trackwork,  conductor 
rails  would  be  inadmissible.] 

The  above  tj^jes  of  locomotives  fulfil  the  requirements  for  goods 
traffic  in  this  country,  since  the  draw-bar  pull  is  limited  to  about  14 
tons,  on  account  of  the  draw-gear  on  the  wagons.    In  America,  bow- 
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ever,  the  automatic  coupling  (wherein  the  buffing-  and  draw-gear  are 
combined)  is  largely  adopted  in  combination  with  continuous  air-brakes  ; 
and  since  this  type  of  coupling  will  withstand  saiely  a  draw-bar  pull 
of  between  30  to  40  tons,  it  is  possible  to  run  very  heavy  trains,  the 
weight  of  the  train  in  some  cases  reaching  4000  tons.  Under  these 
conditions  a  very  powerful  locomotive  is  required,  and,  to  relieve  the 
underframe  and  bogie  centres  from  excessive  stresses,  the  buffing-  and 
draw-gear  must  be  incorporated  with  the  trucks  or  locomotive  framing, 
according  to  the  manner  in  which  the  motors  are  mounted.     When 


Fio.  304. — British  WpBtinRhoose  ."lO-ton  ContinmjUB-curreiit  Lornmotive 
(MntropolitBn  Railwtiy.  LondonX 

bogie  trucks  equipped  with  motors  are  adopt«d,  they  must  be  articu- 
lated or  hinged  together  in  order  that  the  tractive -effort  of  the  leading 
truck  may  be  transmitted  to  the  draw-gear.  It  is  apparent,  therefore, 
that  the  body  of  the  locomotive  cannot  be  connected  to  both  trucks 
by  centre-pins  (as  in  the  above  locomotives),  since  the  distance  between 
the  truck  centres  will  vary  with  the  radiation  of  the  trucks.  This  diffi- 
culty is  overcome  by  the  use  of  a  standard  centre-pin  on  one  truck  and 
a  special  centre -bearing  on  the  other  truck,  this  bearing  allowing  swivel- 
ling and  longitudinal  sliding  motions  to  take  place. 

An  example  of  a  locomotive,  designed  and  equipped  by  the  General 
Electric  CoinpailT  (of  America),  in  which  these  features  are  embodied, 
is  shown  in  Fig.  308.    The  locomotive  (Reference  No.  3,  Table  XIII) 
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has  a  nominal  weight  of  90  tona,  and  is  intended  for  moderabe-8pe«d 
heavy  passenger  and  goods  traffic,  several  locomotives  being  in  service 
on  the  lines  running  thirough  the  Detroit  River  and  Baltimore  tunnels.- 

The  trucks  are  illustrated  in  Fig.  309,  and  differ  considerably  from 
the  types  previously  discussed,  the  bolster  being  bolted  directly  to 
the  aide-frames.      In   order  to  secure  easy  riding,  and  to   distribute 


Fio,  306. — Driving  PoBJtion.  B.T.-H.  60-ton  Locomotive.  Note. — The 
oporating  valve  for  the  Westinghouse  (comprwsed-airt  brake  is  ahown 
to  the  lutt  of  the  master  controller,  and  tho  operating  valve  for  tho 
VHCUum  brake  is  ahown  to  the  right.  The  instrumenta  include :  a 
vacuum  gauge,  a  duplex -presBUre  gauge,  and  an  ammeter. 

the  weight  equally  between  the  axles,  a  compound-equalised  spring 
system  is  adopted.  The  whole  weight  of  the  body  and  truck  frames  is 
carried  on  semi-elliptic  springs,  which  rest  on  saddles  fixed  to  the  axle- 
boxes.  The  springs  on  the  forward  truck  (with  the  fixed  bogie  centre, 
shown  on  the  right-hand  side  of  Fig.  309)  are  equalised  longitudinally — 
that  is,  the  inner  ends  of  the  springs  are  connected  together  by  equalising 
bars  pivoted  to  the  aide-frames,  thereby  equalising  the  weight  between 
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the  wheels  of  this  truck.  On  the  other  truck  the  epiings  adjacent  to 
the  hinge  joint  are  connected  directly  to  the  truck  frame,  while  the  other 
pair  are  cross -equalised,  the  extreme  ends  being  connected  together  by 
a  transverse  equalising  bar  pivoted  to  the  truck  frame,  llie  outer 
end-frames  carry  the  buffing-  and  draw-gear,  while  the  inner  end-frames 
are  connected  together  by  a  hinge  joint,  which  is  designed  so  that  the 
rear  truck  can  resist  any  tilting  action  of  the  forward  truck. 

Each  axle  is  geared  to  a  300-H.P.,  600-volt,  commutating-pole,  forced- 
ventilated  motor  arranged  with  twin  gears,  the  gear  wheels  being 
mounted  on  projections  provided  on  the  wheel  centres.  An  outline 
drawing  of  the  motor  la  shown  in  Fig.  310.  The  torque  of  each  motor 
at  the  rated  load  is  4000  lb. -ft.,  which,  with  48-in.  wheels  and  a  gear 

I 


Fin.  SOP.^Tnterior  of  B.T.-H.  SO-ton  Locomotive, 

ratio  of  4-37  :  1,  corresponds  to  a  tractive-effort  of  8750  lb.  The  four 
motors  are  capable  of  developing  a  total  tractive-effort  of  15-6  tons  at 
A  speed  of  12  ml.p.h.,  and  have  sufficient  overload  capacity  to  exert  a 
momentary  tractive -effort,  of  about  25  tons. 

The  four  motors  are  controlled  on  the  double  series-parallel  system 
with  multiple-unit  Type  M  control  apparatus.  A  total  of  24  notches 
is  provided,  viz.  9  notches  with  the  motors  in  series,  8  notches  with 
the  motors  in  series- parallel,  and  7  notches  with  the  motors  in  parallel. 
This  large  number  of  notches  is  provided  in  order  that  the  variation 
in  the  tractive-effort  when  passing  from  notch  to  notch  shall  he  small. 
so  that  slipping  of  the  driving  wheels  shall  not  occur  when  the  locomotive 
is  accelerating  a  heavy  train.  The  contactors  on  each  locomotive  number 
43,  of  which  16  (viz.  4  for  each  motor)  are  used  as  reversing  switches. 
Coupler  sockets  are  provided,  so  that  two  or  more  locomotives  may  be 
operated  together  on  the  multiple-unit  system. 
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Gaoh  driving  end  ol  the  cab  is  provided  with  a  master  controller, 
brake  valve,  ammeter,  and  gauges,  while  at  the  centre  of  the  cab  are 


Fjo.  307. — B-T.-H.  5B-ton  Continuoua- current  Freight  Locomotive. 


Fw.  308.— GenerallElectric  90-ton  ContinuouH-current  Locwnotive  for 
Motlerate  Speed.  Heavy  Passenger  and  Freight  Traffic. 

located  the  air-compressor  and  blower.  The  contactors,  together  with 
the  other  portiooa  of  the  control  and  brake  apparatus,  are  located  in 
the  sloping  ends,  as  indicated  in  IHg.  301. 
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An  example  of  a  high-voltage  con- 
tinuous-current locomotive  is  illustrated 
in  Fig.  31 1  (Reference  No.  4,  Table  XIII), 
which  shows  one  of  the  locomotives  sup- 
plied by  the  General  Electric  Company 
of  America  to  the  Bnttfl,  Anaconda 
and  Pacific  Eailway.  Fifteen  loco- 
motives are  in  service  for  freight  traffic, 
and  two  locomotives  coupled  together 
can  handle  a  train  weighing  4160  tons. 
Each  locomotive  has  a  nominal  weight 
of  715  tons,  and  is  of  the  articulated, 
equalised,  double-truck  type,  the  trucks 
being  similar  to  those  on  the  locomotive 
just  described.  Each  axle  is  geared  to 
i     a    300-H.P.,    1200-volt,    commutating- 

0  pole  foreed  -  ventilated  series  motor 
g     titled  with  twin  gears.    The  torque  of 

1  each  motor  at  its  rated  load  is  2970 
"     lb. -ft.,  which,  with  46-in.  wheels  and  a 

2  gear  ratio  of  4-84 : 1,  corresponds  to  a 
g  tractive-effort  of  7500  lb.  The  four 
1,  motore  are  capable  of  developing  con- 
's tinuously  a  tractive -effort  of  111  tons 
■S  at  a  speed  of  15  ml.p.h.,  and  can  exert 
2  a  tractive-effort  of  215  tons  for  five 
^  minutes.  Each  motor  is  insulated  for 
1  2400  volts,  and  two  motors  are  per- 
T  manently  connected  in  series,  the  two 
g.  pairs  being  controlled  on  the  series- 
^  parallel  multiple-unit  system  (Type  M 
g  control)  by  master  controllers  and  con- 
g_  factors,  the  latter  being  operated  from 
S  a  600- volt  circuit  obtained  from  a 
u  '  dynamotor,  which  is  combined  with  the 

I.  blower.  This  dynamotor  also  supplies 
^     current  to  the  air-compressor  and  light- 

-     ing  circuits. 

£  The  cab  is  of  the  box  type,  and  is 

divided  into  three  compartments,  viz.  a 
driving  compartment  at  each  end,  and 
a  central  compartment  for  the  control 
apparatus  and  auxiliary  machines,  the 
2400-volt  apparatus  being  located  in 
enclosed  chambers.  Each  locomotive 
is  fitted  with  two  collectors,  of  the 
roller  pantagraph  type,  which  are 
connected  to  a  bus-line  running  along 
the  roof  to  enable  the  collectors  of 
two  or  more  locomotives  to  be  con- 
nected in  parallel.  A  view  of  the 
roof  of  the  locomotive  is  given  in  Fig. 
312. 
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ence  No.  5,  Table  XIII),  which  represents  the  1914  design  of  locomotive 
built  by  the  General  Electric  Company  (of  America)  for  the  New  7ork 
GentraJ  Railroad.     In  this  locomotive  (which  is  designed  for  express 
passenger  seyvice  and  is  capable  of  hauling  trains  weighing  980  tons 
at  speeds  up  to  flO  ml.p.h.)  all  the  axles  are  equipped  with  motors  of  a 
special  bi-polar  type,  in  which  the  armature  is  mounted  directly  on  the 
axle,  and  the  field  frame  forms  part  of  the  truck  frame.     The  general 
design  of  the  motor  is  shown  in  Fig.  300,    It  will  be  observed  that  the 
armature  and  commutator  oc- 
cupy practically  the  whole  of    "f  " 
the  distance  between  the  wheel      : 
hubs.    The  poles  are  arranged     's 
with  nearly  flat  vertical  pole       j 
faces,     so    that    the    vertical       1 — 
movement  of  the  armature  and     •  ■ 
the  axle  is  unrestricted.    Each      ' 
motor  is  provided  with  enclos-       ■ 
ing  covers,  and  is  ventilated    "  ""' 
by  a  blower  located  in  the  cab, 

the  blower   supplying  24,000  -        ■ 

cubic  feet  of  air  per  minute  to 
the  eight  motors.  With  forced 
ventilation  the  one-hour  rating 
of  each  motor  is  330  H.P., 
while  the  continuous  rating  (at 
600  volts)  is  250  H.P.  The  "|" 
speeds  of  the  locomotive  cor- 

respondii^   to    these    ratings      f  i 

are,   respectively,   48    ml.p.h.    -J-  ' 

and  5i-6  ml.p.h.  The  maxi-  'jt 
mum  speed  is  76  ml.p.h.,  and  ^ 
at  this  speed  the  total  tractive-  j_ 
effort  is  3-15  tons. 

The  motors  on  each  truck         , 
are  permanently  connected  in 

parallel,  and  the  four  pairs  are  (• tay-. -^ 

controlled  on  the  double  series- 
parallel  system  with  multiple- 
unit  C^T*  M  control)  appar- 
atus.   There  are  24  notches,  viz.  9  "  series,"  8  "  series-parallel,"  and 
7  "parallel." 

The  "  running-gear  "  consists  of  four  trucks  arranged  in  pairs,  each 
pair  being  articulated  and  connected  to  a  frame  intermediate  between 
the  trucks  and  the  cab.  The  inner  ends  of  these  frames  are  articulated, 
while  the  outer  ends  carry  the  buffing-  and  draw-gear.  Thus,  as  far  as 
the  running-gear  is  concerned,  this  locomotive  is  equivalent  to  two  loco- 
motives of  the  type  illustrated  in  Fig.  308,  coupled  together  by  a  central 
coupling.  The  design  has  the  advantage  of  the  distribution  of  the  load 
over  a  long  and  flexible  wheel-base  of  46  ft. — the  fixed  wheel-base 
being  6  ft.  6  in.  for  outer  trucks  and  5  ft.  for  inner  trucks — while  the 
adoption  of  motors  of  only  a  moderate  output  (330  H.F.)  has  given  the 
locomotive  excellent  riding  qualities. 
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The  cab  is  mounted  upon  centre  bearingB  on  the  intermediate  frames, 
and  is  divided  into  three  compart  ments,  of  which  the  two  end  compart- 
ments form  driving  cabins  and  the  central  compartment  contains  the 
whole  of  the  aiixiHary  apparatus,  contactors,  rheostats,  etc. 

The  Westingbonse  side-rod  locomotires  (Reference  No. '6,  Table 
XIII)  in  service  on  the  New  York  electrified  zone  of  the  PennsylTania 
Bailroad  have  been  referred  to  above  (see  page  361).  The  principal 
mechanical  features  are  shown  in  Fig.  298 ;  a  complete  locomotive  is 


shown  in  Fig.  314;  'and  one  of  the  2000-H.P.  motors  is  illustrated  in 
Fig.  315.*  Each  locomotive  is  capable  "f  developing  a  tractive-effort 
of  26'8  tons  at  spsed^  up  to  2i  ml.p.h.,  and  a  tractive-effort  of  4^1  tons  at 
a  speed  of  60  mi.p.h. 

The  two  motors  on  the  locomotive  are  controlled,  on  the  series- 
parallel  system  (with  bridge  transition)  by  electro-pneumatic  contactors 
of  the  standard  Westinghouse  type.  The  master  controllers  are  pro- 
vided with  31  notches,  there  being  20  notches  for  the  series  connection 
of  the  motors,  and  1 1  notches  for  the  parallel  connection  of  the  motors. 
thc90  motors  aro  given  in  the  Journal  oflht  Institution 
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There  are  8  ruiming  notches,  viz.  4  with  the  motore  in  series,  and  4  with 
the  motors  in  parallel ;  the  four  speeds  in  each  case  corresponding  to 
(1)  full  field,  (2)  and  (3)  shunted  field,  (4)  half-field. 

Single-phsSQ  IiOCOmotives. — The  principal  single-phase  locomotives 
which  are  in  service  in  America  *  are  either  of  the  gearless  or  the  geared 
types,  and  in  each  case  the  torque  of  the  motor  is  transmitted  to  the 
wheels  through  springs,  the  object  of  the  spring  drive  being  to  absorb 
the  vibrations  due  to  the  pulsating  torque  of  the  motors,  and  to  relieve 
the  track  from  heavy  unspring- borne  loads.  The  gearless  type  of 
locomotive  (Reference  No.  7,  Table  XIII)  is  used  on  the  New  York, 
New  Haven  and  Hartford  Bailroad  for  express  passenger  traffic, 
while  the  geared  locomotive  (Reference  Jfo.  8,  Table  XIII)  is  used  for 
local  passenger  and  freight  traffic. 

In  the  latest  locomotives  of  each  type  the  spring  drive  between 
the  quill  (on  which  the  armature  or  gear  wheel  is  fixed)  and  the  driving 
wheels  is  practically  the  same,  and  is  illustrated  in  Fig.  316,  which  refers 


Fio.  314. — WestinghouBe  140-ton,  Coatinuoua-current,  Side-rod  Locomotive. 

to  the  geared  locomotive.  It  will  be  observed  that  the  springs  are  of 
the  "  hour-glass  "  type,  with  each  end  secured  in  a  steel  casting ;  one 
of  these  castings  is  bolted  to  a  flange  on  the  quiU  and  the  other  is  bolted 
to  lugs  on  the  spokes  of  the  wheel.  The  springe  are  arranged  in  pairs, 
so  that,  when  transmitting  torque  from  the  quill  to  the  axle,  alternate 
springs  are  in  tension  and  compression.  The  radial  clearance  between 
the  quill  and  the  axle  is  about  J  in. 

The  cab  of  the  gearless  locomotive  is  of  the  box  type,  and  is  mounted 
on  two  equalised  trucks  in  the  ordinary  manner,  the  draw-gear  being 
fitted  to  the  underframe.  Each  truck  is  fitted  with  a  radial  pony  axle 
(to  obtain  good  riding  qualities),  while  the  driving  axles  are  each 
equipped  with  a  250-H.P.,  25  cycle,  220-300-volt,  single-phase,  forced- 
ventilated  series  motor ;  the  armature  of  the  motor  being  mounted  on 
a  quill,  on  which  the  field  frame  is  centred  by  suitable  bearings.  The 
field  frame  is  spring- supported  from  the  truck  frame,  so  that  there  is 
only  a  small  load  on  the  driving  springs. 

The  motors  are  designed  for  operating  on  continuous  and  alternating 
current,!  *'"J  this  dual  operation  has  considerably  complicated  the 

*  The  Weatinghouse  Ca.  have  been  responsible  tor  the  equipment  o(  practically 
all  the  ainoln- phase  locomotives  in  America. 

t  The  New  Haven  trains  run  into  New  York  City  over  the  New  York  Central 
lines,  which  ore  electrified  oa  the  continuouB-cuirent  system  at  600  volts. 
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control  ^ear.    Two  armatures  are  permanently  connected  in  series,  and 
for  con  turn  ouS'Current  operation  the  fields  are  connected  in  series  with 


Fia,  316. — Spring  Drive  for  Westinghouse  Single- phase  Geared 
Railway  Motora. 

their  respective  armatures,  while  for  alternate -current  operation  the 
fields  are  all  connected  in  parallel,  in  order  to  reduce  the  flux  and  the 
reactance. 
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When  operating  with  alternating  current  the  motors  are  supplied 
from  an  auto-transformer,  the  control  being  effected  by  a  number  of 
tappings  in  the  manner  discussed  in  Chapter  X,  but  when  operatmg 
with  continuous  current  the  control  is  on  the  series-paraUel  system. 

The  geared  locomotives  in  service  on  the  New  Haven  lines  (see 
Figs.  317,  459)  are  characterised  by  two  special  features,  viz.  (1)  the 
mounting  of  the  gear  wheels  on  quillfl,  from  which  the  axles  are  driven 
through  springs,  (2)  the  mounting  of  the  motora  on  the  truck  frames 


Fia,  317. — WeetingbouBe  98- ton  Single-phase  Locomotive. 

above  the  axles.  The  first  item  has  already  been  discussed,  while  the 
method  of  mounting  the  motors  can  be  seen  from  Fig.  318. 

On  some  locomotives,  twin-motors — illustrated  in  Fig.  319 — have 
been  adopted,  the  pinions  meshing  with  a  common  gear-wheel.  This 
arrangement  was  adopted  to  enable  a  high-speed  motor  to  be  used,  and 
it  is  stated  that  the  twin-motor  equipment  is  lighter  and  cheaper  than 
that  with  four  motors  of  the  same  total  output.* 

The  trucks  shown  in  Fig.  318  are  of  interest  on  account  of  the 
manner  in  which  the  locomotive  body  is  supported.  Although  centre- 
pin  bearings  are  fitted  to  the  trucks,  their  function  is  only  to  keep  the 
cab  in  position,  and  one  bearing  is  arranged  to  have  a  limited  longitudinal 
movement  in  addition  to  a  swivelling  movement  on  account  of  the 
articulation  of  the  trucks.  The  weight  of  the  cab  is  spring -supported 
on  eight  friction  plates  {A,  Fig.  318) — two  above  each  pony  axle,  and 
two  at  the  inner  comers  of  each  truck — the  springs  being  contained  in 

*  With  a  given  gear  velocity  and  locomotive  speed,  the  twin-motor  equipment 
will  enable  a  higher  gear  ratio  to  be  adopted  than  is  possible  with  (he  single  motors, 
on  account  of  the  smaller  distanoe  between  the  armature  and  axle  centres.  Hence 
the  twin-motors  can  be  run  at  a  higher  speed,  thereby  resulting  in  a  more  economical 
dedgn  teee  p.  363). 
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sprine-pockets  attached  to  the  under  side  of  the  body.  Spring  plungers 
are  also  fitted  to  the  underframe  to  engage  the  side  bearinga  B  above 
the  pony  wheels.  The  springs  supporting  the  body  allow  for  variations 
in  the  track  without  appreciably 
affecting  the  distribution  of 
weight  on  the  trucks,  while  the 
springe  at  the  side  bearings  and 
the  friction  at  the  supporting 
plates  effectively  prevent  any 
periodic  vibration  or  nosing. 

As  an  example  of  a  geared, 
side-rod,    aingte-plLaae    loco- 

i  motive  with  scotch  yokes,  we 

'^  may    consider    the    OerliJEOiL 

S  loGomotiyes    supplied    to  the 

§  LbtschberfF-Simplon  Railway 

■J  (Reference  No.  9,  Table  XIII). 

§  These  locomotives  (see  Fig.  320) 

■g_  are  very  powerful,  and,  at  the 

±  normal  rating,  can  exert  a  trac- 

c'  tive-effort   of    133   tons   at  a 

i»  speed  of  31  ml.p.h.,  while,  at 

J  starting,  a  tractive-effort  of  17-9 

oi  tons  can  be  developed. 

*  The  totttl  weight  of  the  loco- 

I  motive  is   107  tons,   of  which 

J  78-2  tons  is  carried  on  the  driv- 

^  ing    wheels.       The    locomotive 

^  framing    follows    the    practice 

>f  adopted  for  steam  locomotives, 

■3  and  is  fitted  with  leading  and 

jj  trailing  radial  pony  axles,  while 

S  three  of  the  driving  axles  are 

f  allowed  sufficient  lateral  play  to 

1  enable  the  locomotive  to  nego- 
—  tiate  curves.* 

"  The  motors   are  located   in 

2  the  centre  of  the  locomotive  (see 
Fig.  321),  and  drive  two  jack- 
shafts  through  triple  helical 
gearing  (gear  ratio  2-23  :  4)<  the 
jack-shafts  driving  the  wheels 
through  scotch  yokes  and  coup- 
ling rods,  as  shown  in  Fig.  321. 
Each  motor  has  sixteen  poles, 
and  is  of  the  compensated  series 
type  with  commutating  poles. 
The     rated     output    (IJ  -  hour 

rating)  is  1260  U.F.,  at  435  volts,  15  cycles,  with  natural  ventUation. 
Views  of  a  motor  are  shown  in  Figs.  322,  323. 

pnd-pluy  of  25  mm,  (1  in.),  and  the  outer  driving  axles 
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The  complete  locomotive  frame,  with  the  motors  in  position,  is  shown 
in  Fig.  324.  This  view  also  shows  the  air-cooled  transformers  and 
controllers,  the  latter  being  of  the  drum  type,  electrically  operated, 
and  mounted  on  the  top  of  the  transformers  in  the  manner  described 
in  Chapter  X.  Under  normal  conditions  each  motor  is  supplied  by  the 
transformer  adjacent  to  it,  but  under  abnormal  conditions  the  two 
motors  can  be  supplied  from  one  transformer.  Each  transformer  is 
provided  with  twelve  tappings  on  the  secondary  winding,  from  which 
the  motors  are  controlled,  wmle  some  of  these  tappings  supply  also  the 
train  lighting,  heating,  and  auxiliary  motors  on  the  locomotive. 

The  body  of  the  locomotive  is  divided  into   thfee  compartments. 
The  central  compartment  contains  the  main  motors,  transformers,  high- 
tension  chambers,  and  all  the  auxiliary  motors  and  apparatus,  while 
the  two  end  compartments 
form  driving  cabins,  and 
contain  the  master  con- 
trollers,   instruments, 
fauges,  brake  valves,  and 
and-brake  levers.     The 
two  high- tension  chambers 
are  adjacent  to  the  driv- 
ing cabins  and  are  shut  off 
from  the  main  compart- 
msnt  by  expanded  metal 
doors,   which   cannot   be 
opened  until  the  bow  col- 
lectors are  lowered.    The 
key  for  unlocking  these 
doors  is  attached  to  the 
valve  controlling  the  bows, 
and  it  can  only  be  removed 
when  the  valve  is  in  the 
position  for  lowering  the 
bows.    This  key  serves  for  unlocking  all  the  doors  associated  with  the 
high-tension  chambers,  and  it  can  only  be  removed  from  the  locks  after 
the  doors  have  been  closed.     Portions  of  the  roof  and  sides  may  be 
removed,  as  shown  in  Fig.  321,  to  facihtate  the  repair  of  any  of  the 
apparatus.     Views  of  the  motor  compartment  are  shown  in  Figs.  325, 
326 ;  and  views  of  the  driver's  cabin  are  shown  in  Figs.  327,  328. 

The  auxiliary  machinery  includes  three  electrically -driven  exhaust 
fans,  two  of  which  are  for  cooling  the  transformers,  while  the  third  is 
located  in  the  central  portion  of  the  roof  (see  Fig.  321)  for  ventilating 
the  motor  compartment ;  two  electric  ally- driven  air-compressors  for 
supplying  the  air-brakes  ;  and  a  motor-generator  set.  with  a  battery  of 
accumulators',  for  supplying  the  control  circuit  and  lighting.  The  location 
of  this  auxiliary  machinery  is  shown  in  Plates  I  and  II. 

A  3000-ampere  automatic  oil-switch  is  connected  in  the  circuit  of 
each  motor,  while  the  primary  of  each  transformer  is  controlled  by  an 
oil-switch  with  a  double  set  of  contacts,  by  means  of  which  the  high 
tension  circuit  is  opened  and  closed  through  a  resistance,  thereby  avoid- 
ing surges  in  the  primary  (16,000-volt)  winding  of  the  transformer. 
The  primary  oil-switch  is  shown  in  Fig.  199  (p.  228).  Each  of  these 
oil-switches  is  operated  by  a  solenoid,  the  primary  switches  being  con- 
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Fio.  322.— (Vrlifcon  135U-H.t'.,  ID-pole,  Single-phaBo  Motor  (ct 


Fig.  323.— Oerlikon  1250-U.P.,  16-pole,  Single-phaao  Motor  (pin 
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trolled  together  from  a  handle  on  the  master  controller,  while^a  similar 
handle  controls  the  motor  switches.  These  handles  can  be  seen  in 
Figs.  327,  328,  to  the  left  of  the  main  handle,  the  reversing  handle  being 
to  the  right.  Pilot  lamps  are  fitted  into  the  controller  cap-plate  to 
indicate  whether  these  switches  are  open  or  closed. 

The  bow  collectors  are  held  up  by  air  pressure  in  the  usual  manner, 
and  are  controlled  by  a  special  cylinder  on  the  master  controller ;  they 
are  each  provided  with  an  air-core  choking  coil,  and  are  connected  to  each 
of  the  high-tension  switches.  A  battery  of  condensers  is  connected 
between  the  bows  and  earth  in  order  to'  reUeve  the  apparatus  from 
pressure  rises. 

For  lighter  locomotives,  the  Oerlikon  Co.  have  developed  a  side-rod 
drive  with  connecting-rods,  using  a  jack-shaft  and  two  geared  motors. 
Several  locomotives  of  this  type — of  600  H.P.  and  800  H.P. — ^have 
been  built  for  the  Rhaetian  Railway  (Engadine  District,  Switzerland). 
A  typical  locomotive  is  illustrated  in  Fig.  329,  in  which  the  jack-shaft, 
the  connecting-rod,  and  the  coupling-rods  are  clearly  shown. 

The  locomotives  are  each  equipped  with  two  motors  which  are 
mounted  on  the  locomotive  framing,  as  shown  in  Fig.  330.  The  arma- 
tures of  the  motors  are  geared  to  a  common  shaft,  from  which  the 
jack-shaft  is  driven  through  cranks  and  connecting-rods.  Views  of  a 
400-H.P.  motor  are  shown  in  Fig.  331,  in  which  the  special  feet  (for 
fitting  into  the  locomotive  framing)  and  the  arrangement  of  the  pinion- 
end  bearings  should  be  noted.  The  two  motors  on  each  locomotive  are 
supplied  from  a  single  transformer,  and  are  controlled  by  a  motor-driven 
drum-type  controller  of  the  Oerlikon  standard  type.  Twelve  operating 
voltages  are  provided,  ranging  from  73  Volts  to  390  volts  in  steps  of 
37  volts. 

i  The  cab  of  the  locomotive  is  of  the  box  type,  and  is  divided  into 
three  compartments — two  driving  compartments,  and  a  central  com- 
partment in  which  the  motors,  the  transformer,  the  control  apparatus, 
and  the  auxiliary  apparatus  are  located. 

Views  of  the  motor  compartment  of  a  600-H.P.  locomotive  (Reference 
No.  10,  Table  XIII)  are  shown  in  Figs.  332,  333,  and  the  driving  com- 
partment is  shown  in  Fig.  334. 

The  locomotives  are  equipped  with  vacuum  brakes,  and  the  speed 
of  the  exhauster  motor  is  controlled  by  a  special  controller  (shown  to 
the  right  of  the  master  controller  in  Fig.  334). 

The  auxiliary  machinery  on  the  600-H.P.  locomotives  includes  an 
air-compressor  (for  supplying  the  compress^d  air  for  operating  the 
bow  collectors),  a  motor-driven  exhauster,  and  a  motor-generator  set, 
with  a  battery  of  accumulators,  for  supplying  the  lighting  and  control 
circuits.  On  the  800-H.P.  locomotives  a  motor-driven  blower  is  also 
included  in  the  auxiliary  machinery,  since,  in  these  locomotives,  the 
motors  and  the  transformer  are  forced  ventUated. 

Drawings  of  the  600-H.P.  locomotive  are  given  on  Plate  III,  and 
drawings  of  the  800-H.P.  locomotives  are  given  on  Plate  IV. 

An  example  of  a  side-rod  locomotive  with  a  direct  drive  is 
shown  in  Fig.  335,  which  illustrates  the  type  of  single-phase  locomotive 
recently  developed  by  Messrs.  Brown,  Boveri  &  Oo.  In  this  type  of 
locomotive  two  motors  are  mounted  on  the  locomotive  framing,  and 
drive  the  main  driving  axle  through  cranks  and  a  double  connecting-rod. 


Fi(i.  325.— Motor  Compartment  of  Oerlikon  2500-H.P.  Single-phase  Locomotive. 


Fio.  326. — Motor  Compartment  of  Oerlikon  2600-H.P.  Single-phase  Locomotive. 
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The  driving    meolianism  is 

ahown  diagrammatically  in 

Fig,  336.   It  will  be  observed 

that  the  driving  end  of  the 

connecting-rod  A  ie  slotted, 

a     and  that  the  other  connect- 

1     ing-rod  B  is  connected  to  it 

■g     by  a  pin  joint.     This  drive 

I     (which  may  be  called   the 

H     "double    connecting-rod" 

"S     drive)  differs  from  the  scotch 

£    yoke    in    that    the    crank- 

"%     pins  on  the  armature  shafts 

"    -are    not   rigidly   connected 

1     together.* 

•^  Locomotives     with     the 

C     double  connecting-rod  drive 

0  have  been  supplied  to  several 
•^     Continental    railways,    and 

rfot  single  -  phase  working 
g  the  equipment  consists  of 
■S  IWri  brush -shifting  repuliion 
g  motors.  The  speed  control  is 
s     therefore  carried  out  entirely 

1  by  brush-shifting. 

S  The  motors  are  usually 

,3     supplied  from  a  transformer 

tat  about  1000  volts,  and  the 
motors  and  transformer,  to- 
il gether  with  the  auxiliary 
yp  apparatus,  are  located  in  the 
ii  central  compartment  of  the 
p;  cab,  as  shown  in  Fig.  337,  the 
ri  end  compartments  forming 
g     the  driving  cabins. 

g  Three-phase   Locomo- 

M  tives. — Three-phase  locomo- 

^  tives  are  used  in  consider- 

o  able  numbers  on  the  Italian 

"3  State  Eailways,  and  nearly 

^  200  of  these  locomotives  are 

a  in  service  for  passenger  and 

J  freight  traffic.    With  few  ei- 

I  ceptions  the  locomotives  are 

s  equipped   with    two   three- 

ra  phase  induction  motors  and 

i  a  direct  drive  through  scotch 

S  yokes.    Typical  freight  and 

*  The  Hcotch  yoke  cannot  be 
applied  succdssfully  to  direct 
drives  from  large  Bingle-phase 
..... 1^  jj£  tneir  large 
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passenger  locomotives  built  by  the  SocietJL  Italiana  Westinghouse 

are  illustrated  in  Figs.  338,  339  (Reference  Nos.  11,  12,  Table  XIII).* 

The  freight  locomotives  (Fig.  338)  are  each  equipped  with  two  1000- 
H.P.  induction  motors,  which  are  controlled  on  the  cascade-parallel 
system,  the  synchronous  speeds — corresponding  to  normal  frequency 
(16f  cycles) — ^being  14  ml.p.h.  and  28  ml.p.h.  A  number  of  these  loco- 
motives are  in  service  on  the  Giovi-Genoa  lines,  on  which  the  gradients 
are  long  and  heavy,  the  maximum  gradient  being  3-5  per  cent.  The 
total  weight  of  the  locomotive  is  60  tons,  all  of  which  is  on  the  driving 
wheels.  Two  locomotives  (one  hauling  and  the  other  pushing)  are  capable 
of  handling  freight  trains  weighing  260  tons  (excluding  the  locomotives) 
over  the  Giovi  lines  at  a  speed  of  24-3  ml.p.h.  up  the  gradients.  On 
the  return  journey  (down  the  gradients)  two  locomotives  are  coupled 
together  at  the  front  of  the  train,  and  the  gradients  are  descended  at 
a  speed  of  about  30  ml.p.h.,  with  the  motors  acting  as  induction 
(asynchronous)  generators.  The  performance  of  these  freight  loco- 
motives has  been  highly  satisfactory,  and  their  adoption  on  the  Giovi 
lines  has  enabled  the  capacity  of  these  lines  under  steam  conditions  to 
be  nearly  trebled.,  this  increase  in  capacity  being  due  to  the  higher  speeds 
and  the  heavier  trains. 

The  passenger  locomotives  (Fig.  339)  are  equipped  with  two  1300- 
H.P.  two-speed  induction  motors,  which  are  controlled  on  the  changeable- 
pole  cascade-parallel  system,  so  that  four  running  speeds  are  obtained, 
these  speeds  (corresponding  to  the  synchronous  speeds  at  normal  fre- 
quency, 16f  cycles)  being  23*3,  31,  46-6,  62  ml.p.h.  The  weight  of  the 
complete  locomotive  is  71  tons,  of  which  from  60  to  44  tons  is  adhesive 
weight.  The  variation  of  the  adhesive  weight  is  obtained  by  transferring 
weight  from  the  driving  axles  to  the  pony  axles. 

The  shafts  of  the  motors  are  supported  in  bearings  carried  in  special 
supports  from  the  locomotive  frame, f  and  the  concentricity  of  the  stator 
and  rotor  is  obtained  by  bearings  located  in  the  frame-heads  of  the 
motor  (see  Fig.  88,  p.  115). 

The  tractive-effort  of  the  locomotive — corresponding  to  the  rated  load 
of  the  motors — at  the  four  running  speeds  is  as  follows  : — 


Connection  of  Motors. 


8-pole,  cascade  . 
6-pole,  cascade  . 
8-pole,  parallel  . 
6-pole,  parallel  . 


Synchronous  Speed 
(mhp.h.). 


23-3 
31 

46-6 
62 


Tractive-effort 
(lb.). 


19,800 
19,800 
20,900 
13,200 


The  three-phase  locomotives  built  by  Messrs.  Brown,  Boveii  &  Co. 
for  the  Simplon  Tunnel  electrification  are  of  two  types,  one  type 

*  The  motors  and  control  equipment  of  these  locomotives  have  been  discuBsed 
in  detail  in  Chapters  VI,  XI. 

For  interestmg  data  relating  to  the  Giovi  lines  and  the  performance  of  the 
electric  locomotives,  see  The  Engineer y  vol.  117,  pp.  89,  115, 143,  174,  and  The  Electric 
Journal,  vol.  11,  p.  550. 

f  See  The  Engineer,  vol.  116,  p.  216,  for  details  of  these  supports. 
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Fio.  336 — ^Diagram  of  Brown,  Boveri 
Double  Connecting-rod  Drive. 


having  a  scotch-yoke  drive,  and  the  other  t3rpe  having  a  special  coupling- 
rod  drive.    A  locomotive  with  the  scotch-yoke  drive  is  shown  in  Fig. 

340,  and  a  locomotive  with  the  coupling-rod  drive  is  illustrated  in  Figs. 

341,  342.     This   locomotive  (Reference   No.    13,  Table  XIII),   is    of 
particular  interest  on  account  of  the  mechanical  and  electrical  design. 

The  mechanical  design  of  the  locomotive  has  several  unusual 
features.  Thus  (1)  the  motors  are  located  in  the  centre  of  the  loco- 
motive, clear  of  the  driving  axles,  which  construction  permits  the  motors 
to  be  removed  from  below ;  (2)  the  coupled  wheel-base  is  exceptionally 
long,  viz.  26-2  ft.  (8000  mm.).  Of  this  wheel-base  15  ft.  is  rigid,  the 
outer  wheels  being  arranged  so  that  a  limited  transverse,  as  well  as  a 
radial,  motion  of  the  wheels  can 
take  place.  In  order  to  maintain 
the  parallelism  of  the  coupled  axles, 
the  outer  axles  are  mounted  in  bear- 
ings fixed  to  the  locomotive  framing, 
and  the  wheels  are  mounted  on  a 
quill.  The  latter  is  connected  to 
the  centre  of  the  axle  by  a  special 
coupling  which  permits  of  a  limited 
longitudinal  and  radial  movement 
of  the  quill  relatively  to  the  axle, 
the  load  being  also  carried  at  this 
point.  The  quill  is  normally  main- 
tained in  its   correct  position  by 

springs.   These  details  of  the  mechanical  design  are  shown  in  the  drawings 
of  the  locomotive  on  Plate  V. 

The  motors  are  of  the  four-speed  squirrel-cage  type,  and  have  been 
described  in  Chapter  VI. 

The  body  of  the  locomotive  is  arranged  with  a  central  cab  and  sloping 
ends.  In  the  sloping  ends  are  placed  the  auxiliary  machines  (such  as 
the  air-compressor  and  the  motor-generator  for  supplying  the  train 
lighting)  and  the  auto-transformers  for  controlling  the  speed  of  the 
motors.  The  remainder  of  the  control  equipment  is  arranged  in 
cabinets  on  the  sides  of  the  cab  (see  Fig.  343),  so  that  a  clear  floor  is 
obtained. 

Each  pole-changing  switch  is  combined  with  circuit-breaking  oil 
switches  (see  Fig.  343),  and  the  latter  are  arranged  so  that  they  are 
electrically  tripped  on  overloads.  Therefore  when  the  two  windings 
of  each  motor  are  connected  in  parallel,  each  winding  is  protected  against 
overload. 

The  tappings  on  the  auto-transformers  are  connected  to  drum-type 
controllers,  by  means  of  which  various  voltages  from  1000  to  3000  volts 
(in  steps  of  200  volts)  may  be  applied  to  the  motors.  The  controllers 
are  worked  by  hand  from  the  driving  platform,  the  four  controllers 
being  connected  by  chain  gearing. 

A  view  of  the  driving  platform  is  shown  in  Fig.  344. 

Split-phase  locomotives. — ^The  term  "  split-phase  "  locomotive  refers 
to  a  locomotive  operating  from  a  single-phase  supply  system,  in  which 
the  driving  motors  are  of  the  three-phase  induction  type,  and  are 
supplied  with  polyphase  current,  at  the  supply  frequency,  from  a  phase- 
converter. 

2c 
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The  special  feature  of  the  spht-phase  locomotive  is  that  the  func- 
tions of  the  phase-converter  are  reversible,  and  therefore  regenerative 


braking  can    be  obtained   in   the   same   manner  as  with  three-phase 
locomotives. 
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Locomotivea  of  the  split-phase  type  have  recently  been  developed 
by  the  WestingllOTlBe  Co.,  and  a  number  of  large  locomotives  are  in 


Pio.  340.-— Brown,  Boveri  ( 


service  on  the  single-phase  system  of  the  NorfollE  and  Western  Rail- 
way, U.S.A.  These  locomotives  are  of  interest,  not  only  on  account 
of  the  method  of  supplying  the  (three-phase)  motors  from  a  single-phase 


Fio.  342— Bro«i 
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supply  ayetem,  but  also  on  account  of  the  method  of  transmitting  the 
power  from  the  motors  to  the  driving  axlee. 

A  double  locomotive- unit  (Reference  No.  14,  Table  XIII)  is  illustrated 
in  Fig.  345.  The  cab  is  of  the  box  type,  and  is  supported  on  two 
articulated  trucks  in  a  manner  similar  to  that  adopted  in  the  New  Haven 
freight  locomotives  (see  p.  383).  Each  itruck  is  equipped  with  two 
410-H.P.,  three-phase,  induction  motors  *  with  wound  rotors,  the  wind- 


Fio.  343.^0)ntro[  Apparatus  (for  one  motor)  on  Brown,  Bovori  1700-H.P., 
Fuur-epeed,  Three-phaae  Locomotive.  NoTB.^Tho  combined  circuit- 
breaking  and  pole-ciuuiging  switches  are  located  in  the  upper  cabinctH, 
while  the  revereer  is  located  in  the  central  cabinota. 


ings  being  arranged  to  give  either  8  poles  or  4  poles.  The  rotors  are 
geared  to  a  common  jack-shaft  through  twin  gearing,  as  shown  in 
Fig.  346.  The  gear  wheels  on  the  jack-shaft  are  provided  with  cranks 
from  which  the  driving  wheels  arc  driven  through  horizontal  coupling- 
rods. 

Bach  double  locomotive  weighs  240  tons,  and  is  capable  of  hauling 
a  train  weighing  2900  tons  (tramng  load)  f  up  a  1  per  cent,  grade  at  a 

•  The  motors  are  described  in  Chapter  VI.  Further  details  of  the  equipment 
will  be  found  in  the  Electric  Journal,  vol.  13,  p.  473. 

t  These  trains  consist  of  steel  cars  loaded  with  coal,  each  car  carrying  approxi- 
mately fiO  tons  of  coal. 
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Bpeed  of  approximately  14  ml.p.h.  {this  is  the  synchronous  speed  cone- 
spoadiQg  to  the  8-pole  winding  of  the  motore).  A  train  weighing 
1800  tons  can  be  taken  down  a  2  per  cent,  grade  at  a  speed  of, 
approximately,  28  ml.p.h.  by  a  double  looomotive,  the  train  being 
braked  electrically. 

The  double  locomotive  is  capable  of  exerting  a  tractive -effort  of 
60  tons  with  the  8-pole  connection  of  the  motors,  and  a  traotive-efiort 
of  40  tons  with  the  4-poIe  connection.  The  maximum  guaranteed 
output  from  the  eight  motors  on   a  double  looomotive  is   6000  H.F, 


Fio.  344.— Driving  Plattorm  of  Brown,  Boveri  1700-H,P.,  Four-epeed, 
Three-phase  Locomotive. 

with  the  8-pole  connection,  and  6700  H.P,  with  the  4-pole 
connection. 

The  phase-converter  from  which  the  motors  are  supplied  is  illua- 
trated  in  Fig.  347,  The  converter  is  virtually  a  two-phase  induction 
motor  with  a  squirrel-cage  rotor,  and  is  started  by  a  single-phase  com- 
mutator motor  (shown  to  the  left  in  the  illustration).  The  shaft  exten- 
sion on  the  right  carries  a  36-in.  Sirocco  fan  for  ventilating  the  motors 
and  the  phase -converter. 

The  general  principle  of  the  phase -converter  is  that,  if  one  phase  of 
a  polyphase  induction  motor  is  supplied  with  eingle-pha«e  current 
after  the  rotor  has  been  brought  up  to  speed,  the  magnetic  reactions 
will  produce  a  rotating  field,  which  will  induce  E.M.F.s  in  the  other 
stator  windings  of  exactly  the  same  phase  relations  as  if  these  windings 
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had  been  supplied  with  polyphase  curreat.  Thus  with  a  two-phase 
winding,  if  one  phase  is  supplied  with  single-phaae  current,  then, 
when  the  rotor  is  running,  the  E.M.F.  induced  in  the  open  phase  will 


have  a  phase-difference  of  90  degrees  from  the  voltage  on  the  other 
phase. 

The  application  of  a  two-phase  converter  to  three-phase  motors  is 
•shown  diagrammatically  in  Fig.  348.    The  main  transformer  is  shown 
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at  T,  and  the  centre  point  of  the  secondary  winding  (C)  is  connected  to 
one  of  the  stator  windings  (D)  of  the  phase-converter,  the  other  end  of 


Flo,  347. — Phase-converter  lor  Split-phase  Locomotive. 

this  winding  being  connected  to  one  of  the  terminals  (F)  of  the  three- 
phase  motor.    The  other  terminals  {G,  H)  of  this  motor  are  connected 
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TransFormer  T 

mmmmmmmfr 


to  the  terminals  {A,  B)  of  the  secondary  winding  of  the  transformer, 
to  which  terminals  are  abo  connected  the  second  stator  winding  (E) 
of  the  phase-converter.  Now,  when  the 
phase-converter  is  in  operation,  there  is  in- 
duced in  the  winding  D  an  E.M.F.  which  has 
a  phase-difference  of  90  decrees  from  the 
E.M.F.  at  the  terminals  A,  B  of  the  trans- 
former. Hence,  by  arranging  that  the 
E.M.F.  induced  in  phase  D  shall  be  0*866 
(=iV^)  of  the  E.M.F.  across  A,  B,  we  have 
— ^by  connecting  D  to  the  centre  point  {€) 
of  the  transformer — ^the  same  conditions  as 
exist  in  the  standard  method  of  three-phase 
to  two-phase  transformation.  Therefore 
three-phase  current  may  be  obtained  from 
the  terminals  A,B,F. 

As  actually  constructed  the  phase-con- 
verter is  more  complicated  than  we  have 
indicated  above,  since  features  must  be  in- 
corporated into  its  design  for  annulling  the 
inductive  effects  due  to  the  load  current  in 
phase  E ;  while,  in  order  to  maintain  bal- 
anced three-phase  voltages  under  load,  the 
tapping  (C)  on  the  transformer  must  be 
shifted  from  the  centre  point  of  the  winding. 

For  further  details  of  the  theory  and  application  of  the  phase-converter 
see  the  following  articles  and  papers  : — 

"  Induction  Machines  for  Heavy  Single-phcbse  Motor  Service  "  (a  paper 
by  Mr.  E.  F.  W.  Alexanderson),  TranacuAiona  of  the  American  Institute 
of  Electrical  Engineers,  vol.  30,  p.  1357. 
Phase-balancer  for  Single-phase  Locuis  on  Polyphase  Systems,**  General 

Electric  Review,  vol.  16,  p.  962. 
Single-phase  Loekds  from  Polyphase  Systems,**  Electric  Journal,  vol.  13, 
p.  261. 


Fio.  348. — ^Diagram  of  Cir- 
cuits of  Phaafr-converter. 
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CHAPTER    XVIII 

TRAIN  RESISTANCE 

Tkain  resistance  is  the  term  applied  to  the  forces  resisting  the  motion 
of  a  train  when  it  is  running  at  uniform  speed  *  on  a  straight  and  level 
track.  Under  these  conditions  the  whole  of  the  energy  output  from  the 
driving  axle»  is  expended  in  overcoming  train  resistance.  Thus  a 
portion  is  consumed  in  overcoming  the  friction  internal  to  the  rolling 
stock;  another  portion  is  consumed  in  overcoming  the  external  resist- 
ances between  the  rolling  stock  and  the  track;  and  the  remaining 
portion  is  consumed  in  overcoming  air-resistance. 

The  internal  resistance  of  the  rolling  stock  is  made  up  of  friction 
at  the  journals,  guides,  bogies,  buffers,  8oc, 

The  external  resistances  include  rolling  friction  between  the  wheels 
and  rails,  flange  friction  between  the  wheels  and  rails,  resistances  re- 
sulting from  the  temporary  deflection  of  the  track  due  to  the  passage 
of  the  train  over  it. 

The  internal  and  external  resistances  together  constitute  the 
mechanical  resistance  component  of  train  resistance.  These  resistances 
do  not  admit  of  detailed  analysis  on  account  of  their  varied  and  uncertain 
nature.  For  example,  flange  friction  depends  largely  upon  accidental 
conditions  such  as  oscillation  of  the  coaches,  latersu  wind  pressure,  Sec, 
while  the  track  resistance  is  influenced  by  the  condition  of  the  track, 
the  strength  of  the  rails,  and  the  nature  of  the  ballast. 

It  is  probable  that  some  of  these  resistances  increase  with  the  speed, 
while  others  may  be  unaffected  or  may  even  decrease  with  the  speed. 
At  low  and  moderate  speeds  (between  5  ml.p.h.  and  40  ml.p.h.)  we  are 
probably  correct  in  assuming  that  the  mechanical  resistance  increases 
directly  with  the  speed,  f  but  at  higher  speeds  there  is  evidence  to  show 
that  this  relation  does  not  hold  good.  In  fact  the  train-resistance  tests  t 
carried  out  on  the  Marienfelde-Zossen  experimental  track  indicate  that, 
for  the  particular  coaches  experimented  with,  the  mechanical  resistance 
is  practically  constant  between  speeds  of  90  and  125  ml.p.h.  How- 
ever, at  these  high  speeds  the  train  resistance  consists  principally  of  air 
resistance,  and  the  mechanical  resistance  is  only  a  small  fraction  of  the 
total. 

*  See  p.  20  for  a  discussion  on  the  apparent  train  resistance  during  acceleration. 

t  This  law  does  not  hold  good  for  me  very  low  speeds  incidental  to  starting, 
as  the  resistance  under  these  conditions  is  very  much  greater  than  that  at  speeds 
above  4  to  5  ml.p.h. — due  to  increased  track  resistance  and  journal  friction. 

t  See  Journal  of  the  Institution  of  Electrical  Engineers,  vol.  33,  p.  894.  Paper 
by  Mr.  Alexander  Siemens  on  ''  High-Speed  Electric  Kedlway  Experimenta  on  the 
Marienfelde-Zossen  Line." 
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The  mechanical  resistance  is  generally  assumed  to  be  proportional 
to  the  weight  of  the  train,  and,  for  a  given  class  of  rolling  stock,  this 
assumption  is  probably  correct.  It  has  been  observed,*  however,  that 
to  ham  trains  composed  of  heavy  rolling  stock  requires  less  tractive- 
effort  per  ton  of  train  weight,  under  the  same  conditions  of  speed,  than 
similar  trains  composed  of  light  coaches.  A  similar  result  has  been 
obtained  in  certain  tests  with  bogie  freight  wagons,  where  the  tractive- 
effort  per  ton  of  train  weight  required  to  haul  a  train  of  loaded  wagons 
was  only  56  per  cent,  of  that  required  to  haul  the  same  train  of  empty 
wagons  over  the  same  track  under  similar  conditions  of  speed.!  An 
explanation  of  this  phenomenon  is  that  the  flange  friction  of  a  bogie 
truck  is  reduced  by  an  increase  of  load  ;  and  this  agrees  with  the  facts 
connected  with  the  running  of  bogie  trucks. 

The  air  resistance  portion  of  train  resistance  is  generally  assumed 
to  vary  as  the  square  of  the  velocity  of  the  train,  and  therefore  it  requires 
careful  consideration  in  high-speed  work.  The  air  resistance  may  be 
divided  into  two  components,  viz.  one  associated  with  the  ends  of 
the  train  and  the  other  with  the  length  of  the  train.  The  former  in- 
cludes the  head  resistance  and  the  suction  effect  at  the  rear  of  train, 
while  the  latter  includes  the  air  friction  on  the  sides,  top,  and  underside 
of  train,  and  is  termed  "  skin  friction.'* 

The  Jbead  resistance  depends  on  the  exposed  surface  at  right  angles 
to  motion  ;  it  is  largely  influenced  by  the  shape  of  the  leading  portion 
of  the  train  and  the  direction  and  velocity  of  the  wind.  With  trains 
hauled  by  locomotives  the  largest  portion  of  the  head  resistance  is 
encountered  by  the  locomotive,  but  with  electric  trains  operated  with 
motor-coaches  and  trailers  the  whole  of  the  head  resistance  is  encoun- 
tered by  the  leading  coach.  By  suitably  shaping  the  end  of  this  coach 
it  ispossible  to  obtain  a  considerable  reduction  in  head  resistance. 

The  suction  resistance  at  the  rear  of  the  train  is  also  affected  by 
the  shape  of  the  end  coach,  but  as  the  magnitude  of  this  resistance  is 
only  about  one-tenth  of  the  head  resistance,  the  shape  of  this  portion 
of  the  train  is  not  so  important  as  that  of  the  opposite  (or  leading)  end. 

The  manner  in  which  air  resistance  is  influenced  by  the  contour 
of  the  front  and  rear  portions  of  the  train  is  shown  by  the  curves  of 
Fig.  349.  These  curves  indicate  the  results  obtained  by  the  St.  Louis 
Railway  Test  Commission  t  on  an  experimental  motor-coach  fitted  with 
vestibules  of  different  forms,  viz.  (1)  flat;  (2)  partially  rounded  (the 
standard  type  on  U.S.  interurban  cars) ;  (3)  parabolic  ;  (4)  parabolic 
wedge,  the  relative  shapes  being  shown  in  Fig.  350. 

The  skin-resistance  component  of  the  air  resistance  depends  on  the 


*  See  a  paper  on  **  Tredn  Resistance  "  by  Mr.  J.  A.  F.  Aspinall  (MintUes  of 
Proceedings  of  the  InstittUion  of  Civil  Engineers,  vol.  147,  p.  166).  This  paper  con- 
tains the  results  of  elaborate  tests  carried  out  on  the  Lancashire  and  Yorkshire 
Railway. 

t  See  Railroad  OazeUe,  vol.  31,  pp.  207,  262.  Also  a  paper  on  "Predetermination 
of  Train  Resistance  "  by  Professor  C.  A.  Cams  Wilson  {Minutes  of  Proceedings  of 
the  InstUuiion  of  Civil  Engineers,  vol.  171,  p.  227). 

%  See  Report  of  Electric  Railway  Test  Cotnmission  (St.  Louis),  p.  534.  The 
car  on  which  the  air  resistance  tests  were  conducted  had  the  following  dimensions : 
length  over  comer  posts,  32  ft.;  width  8  ft.  4  in.;  height  from  side  sills  to  top  of  roof, 
9  ft.  5  in. ;  projected  area  of  each  vestibule  (at  right  angles  to  motion),  96  sq.  ft. 
The  car>body  was  specially  mounted  on  dynamometers,  so  that  the  total  air  resist- 
ance and  the  head  resistance  could  be  measured  directly. 
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length  of  the  train,  the  type  of  coaches,  the  nature  of  the  external 
fittings,  projections,  &c.  It  is  affected  to  some  extent  by  side  winds, 
but  there  is  very  little  data  available  to  indicate  the  effect  of  side  winds 
or  other  conditions  on  the  skin  resistance.  In  the  case  of  long  trains 
skin  resistance  becomes  an  important  item  in  the  air  resistance ;  and 
even  for  short  trains  it  cannot  be  neglected,  especially  when  the  leading 
portion  of  the  train  is  shaped  to  give  the  minimum  head  resistance. 

As  the  air  resistance  depends  entirely  on  the  external  configuration 
of  the  train,  lightly-built  coaches — such  as  the  rolling  stock  used  for 
the  suburban  services  of  some  steam  railways — ^will  have  practically  the 
same  air  resistance  as  coaches,  of  much  heavier  construction,  which  form 
the  rolling  stock  on  the  main  lines  of  our  large  railways.      But  when 


■Sf>eea    miles    pQr  hour 

Fig.  349. — Air-resistance  Curves  for  Motor-coach  with  various  types 
of  Vestibules  :  jF,  flat  end ;  S,  standard  U.S. ;  P,  parabolic ;  F  W^ 
parabolic  wedge.  Note.- — Full  lines  show  the  head  resistance ; 
chain  dotted  lines  show  the  suction  resistance.  The  dotted 
curve  is  drawn  through  points  calculated  from  equations : 
p  =  0-0028 F«  andp  =  0.003F*. 

the  air  resistance  is  expressed  in  terms  of  the  train  weight,  the  lighter 
coaches  will  appear  to  have  the  higher  resistance. 

Methods  of  Determining  Train  Resistance.— The   methods  of 

conducting  train  resistance  tests  with  steam  trains  are  :  (1)  by  deter- 
mining the  draw-bar  pull  of  the  locomotive  and  the  speed  of  the  train 
under  conditions  of  uniform  speed  ;  (2)  by  allowing  the  train  to  coast 
(without  the  locomotive),  and  obtaining  an  accurate  record  of  the  re- 
tardation.* 

The  first  method  requires  a  dynamometer-car,  and  has  the  disad- 
vantage that  only  a  portion  of  the  head  resistance  is  included  in  the  dyna- 
mometer reading.    This  disadvantage  is  not  apparent  when  considering 

♦  The  retardation  can  be  determined  directly  by  the  Wimperis  accelerometer 
(see  p.  140),  which  is  made  with  ranges  suitable  for  train- resistance  tests. 
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trains  hauled  by  locomotives,  as  the  largest  portion  of  the  head  resist- 
ance is  encountered  by  the  locomotive,  and  would  be  included  in  the 
resistance  of  the  locomotive.  The  train  resistance  is  obtained  from  the 
product  of  the  draw-bar  pull  and  the  speed,  and  in  some  dynamometer- 
cars  this  is  recorded  graphicaUy  by  one  instrument.* 

The  second  method  has  the  drawback  (which  is  associated  with  all 
coasting  tests  on  trains)  that  the  whole  of  the  head  resistance  is  encoun- 
tered by  the  leading  coach,  and  therefore  the  retarding  force  on  this 
coach  is  greater  than  that  on  the  following  coaches.  Consequently 
there  is  a  tendency  for  the  coaches  to  crowd  together,  which  produces 
greater  oscillation  and  flange  friction  than  when  the  couplings  are  tight. 
The  train  resistance  is  obtained  from  the  retardation  in  the  following 
manner : — 

The  force  necessary  to  produce  a  retardation  of  1  ml.p.h.p.s.  on  an 


—  s'-< ^ 

Cross     S*etl9it 


Fig.  360. — Types  of  Vestibule  used  for  Air-resistance  Tests  of  Fig.  349. 

eflFeotive  weight  of  1  ton  is  102  lb.  (p.  18).  Hence,  if  )3  is  the  retarda- 
tion in  ml.p.h.p.s.,  and  We  is  the  effective  weight  of  the  train,  the  total 
retarding  force  will  be  l02pWe  lb.,  which  wUl  be  equal  to  the  train 
resistance,  provided  that  the  train  is  on  a  level  track.  It  is  essential 
that  the  contour  of  the  track  be  accurately  known,  as  an  '^  up  "  gradient 
of  1  in  1000  corresponds  to  a  retarding  force  of  2^  lb,  per  ton  of  train 
weight. 

The  effect  of  gradients  can  be  eliminated  by  using  an  ergometer,  by 
which  instrument  a  record  is  obtained  of  the  total  work  done  against 
resistances  other  than  gravity.  The  train  resistance  is  then  obtained 
by  dividing  the  work  done  by  the  distance  traversed. 

With  electric  trains  the  total  train  resistance  can  be  determined  by 
observing  the  voltage  and  current  input  to  the  motors  when  the  train 
is  running  at  uniform  speed.     The  tractive-effort  and  speed  can  then  be 


♦  See  Tramway  and  Railway  World,  vol.   23,  p.  16,  for  illustrations  of  instruments. 
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deduced  from  the  characteristic  curves  of  the  motors:  the  tractive- 
effort  will  correspond  to  the  train  resistance,  provided  that  the  train 
is  on  the  level  and  is  not  being  accelerated. 

With  the  usual  motor  equipment  the  free-running  speed  of  the  train 
occurs  on  the  steep  portion  of  the  speed  curve  of  the  motor,  so  that  a 
small  error  in  reading  the  current  may  result  in  a  relatively  large  error 
in  the  speed.  Moreover,  as  free-running  is  approached  very  slowly 
with  the  full  motor  equipment,  a  long  stretch  of  level  track  would  be 
required  in  order  to  eliminate  the  above  sources  of  error.  This  objection 
can  be  overcome  by  using  a  train  with  a  small  motor  equipment.  Thus, 
with  several  motors  controUed  on  the  multiple-unit  system,  the  train 
can  be  accelerated,  by  the  whole  equipment,  to  approximately  the  speed 
required,  and  then  a  number  of  motors  may  be  cut  out,  so  that  the  train 
may  be  kept  running  at  uniform  speed. 

The  coasting  method  of  determining  train  resistance  may  also  be 
used  with  electric  trains.  In  this  case,  however,  the  total  resistance 
to  motion  includes  not  only  the  train  resistance,  but  also  the  friction 
in  the  motors  and  gears,  which,  in  trains  equipped  with  several  motors, 
may  amount  to  a  considerable  percentage  of  the  total  resistance.  The 
effect  of  the  revolving  parts  (armatures,  gears,  and  wheels)  must  be 
taken  into  account  in  deducing  the  train  resistance  from  the  observed 
retardation,  as  the  stored  energy  in  these  parts  may,  in  some  cases, 
amount  to  over  10  per  cent,  of  that  for  the  whole  train. 

Train  Resistajice  Formulse. — In  view  of  the  large  number  of  variables 
involved  in  train  resistance,  it  is  not  surprising  to  find  a  large  number 
of  formulae*  of  varied  forms  to  express  the  law  of  variation  of  train 
resistance  with  speed.  These  formulae,  when  applied  to  a  given  train, 
will  be  found  to  give  widely  divergent  results.  .  Hence  train  resistance 
formulae  must  be  used  with  discrimination,  as,  although  each  formula 
may  be  correct  for  the  conditions  under  which  it  was  derived,  the  prob- 
ability of  similar  conditions  for  the  tests  of  different  investigators  is 
very  remote.  Such  items  as  the  tjrpe  of  coach,  the  nature  of  the  track, 
and  the  method  of  testing  would  be  quite  sufficient  to  cause  large  varia- 
tions in  the  results. 

In  this  country  we  are  indebted  to  Mr.  J.  A.  F.  Aspinall  for  most  of 
our  data  on  train  resistance.  Aspinall's  tests  f  were  made  with  main- 
line oil-lubricated  bogie  coaches  on  the  Lancashire  and  Torkshire  Rail- 
way, the  dynamometer-car  method  being  used.  An  attempt  was  made 
to  use  the  coasting  method,  but  the  results  obtained  were  so  erratic 
that  they  were  discarded.  A  very  large  number  of  tests  were  made 
with  a  train  composed  of  five  bogie  coaches  and  a  dynamometer-car. 
Tests  were  also  made  with  trains  composed  of  10,  16,  and  20  coaches. 
The  results  of  the  tests  are  represented  in  Fig.  351,  and  the  following 
law  for  the  train  resistance  between  speeds  of  10  and  80  ml.p.h.  was 
deduced  by  Aspinall : —  s 

''=2-S+5T+^78l (33) 


♦  A  collection  of  formula  will  be  found  in  the  Minfutes  of  Proceedings  of  the 
Institution  of  Civil  Engineers,  vol.  147,  pp.  189-192. 

t  Paper  by  Mr.  J.  A.  F.  Aspinall  on  "  Train  Resistemce  "  {MintUes  of  Proceed- 
ings of  the  Institution  of  Civil  Engineers,  vol.  147,  p.  155). 
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where  r  is  the  specific  train  resistance  *  in  lb.  per  ton  of  train  weight, 
V  is  the  speed  in  miles  per  hour,  and  L  is  the  length  of  the  train  in  feet. 

The  train  resistance  at  speeds  below  10  ml.p.h.  follows  a  different 
law.  For  instance,  in  the  tests  on  the  5-coach  train,  the  average  resist- 
ance at  starting  was  found  to  be  17  lb.  per  ton,  which  rapidly  decreased 
to  about  3  lb.  per  ton  at  a  speed  of  5  ml.p.h.,  and  then  increased  slowly 
with  increasing  speed.  The  increased  resistance  at  low  speeds  is  shown 
in  Fig.  351. 

It  should  be  noted  that  the  above  tests  were  made  with  coaches 
hauled  by  a  steam  locomotive,  so  that  the  formula  only  gives  the  head 
resistance  for  that  part  of  the  coach  not  shielded  by  the  locomotive. 

Aspinall  also  made  tests  to  determine  the  magnitude  of  the  head 
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Fig.  351. — Results  of  Aspinall 's  Tests  for  Train  Resistance. 

resistance  by  measuring  the  air  pressure  on  the  exposed  portion  of  the 
coach.  The  results  obtained  indicate  that  the  air  pressure  p  (expresEcd 
in  lb.  per  square  foot  of  exposed  surface  at  right  angles  to  the  direction 
of  motion)  follows  the  law  2>=0-003  P,  where  V  is  the  speed  in  ml.p.h. 
A  similar  result  has  been  obtained  in  the  Marienfelde-Zossen  high  speed 
tests,  but  in  this  case  the  coefficient  was  found  to  be  0-0028. 

The  results  of  these  air-pressure  measurements  are  represented  by 
the  dotted  curve  in  Fig.  349.  In  comparing  this  curve  with  that  given 
for  the  flat  vestibule,  it  should  be  noted  that  the  latter  was  derived 
by  measuring  the  total  pressure  on  the  vestibule,  whereas  in  the  above 
tests  an  indirect  method  was  used.     It  is  probable  that  the  lower  results 

*  The  customary  method  of  expressing  train  resistance  is  in  lb,  per  ion  of  train 
weighty  which  may  be  termed  the  ''  specific  train  resistance." 

For  moderate  speeds  this  method  provides  a  suitable  means  for  comparing  the 
results  of  tests  and  for  estimating  purposes.  But,  for  high  speeds,  where  the  air 
resistance  is  the  principed  component  of  the  train  resistance,  the  above  method  is  np 
longer  suitable,  since  it  is  liable  to  lead  to  erroneous  conclusions  when  applied 
to  trains  of  different  weighta. 
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indicated  by  the  St.  Louis  tests  are  due  to  a  falling-off  of  the  pressure 
at  the  edges  of  the  vestibule. 

General  Equation  for  Train  Resistance.— From  a  summary  of  the 

preceding  discussion  on  the  components  of  train  resistance,  we  should 
expect  the  law  of  variation  of  resistance  with  speed  to  be  of  the  form — 

R^a+hV+cV^\ 

where  R  is  the  total  train  resistance  in  lb.,  V  is  the  speed  of  the  train 
in  ml.p.h.,  and  a,  6,  c  are  constants  related  to  the  particular  train  and 
track.  In  this  equation  the  first  two  terms  represent  the  mechanical 
resistances,  while  the  last  term  represents  the  air  resistance. 

The  author  has  examined  the  results  of  AspinalPs  tests  to  ascertain 
if  they  conform  to  the  law  R=a+hV -\-cV^.  It  was  found  that  the 
curves  closely  approximated  this  law,  and  the  following  equations  were 
obtained  for  the  6-,  10-,  and  20-coach  trains — 

6-coach  train  :  12=230+ 10 -3 F+0 -32272 
10-coach  train  :  i2=402+20-6F+0-647F« 
20-coach  train  :  «= 800 +35 -27+0 -86  F^. 

Now,  the  last  term  in  these  equations  represents  the  air  resistance. 
Hence  by  estimating  the  head  and  suction  resistances  we  can  arrive 
at  an  approximate  value  for  the  skin  resistance.  Moreover,  the  value 
so  obtained  may  be  checked  by  the  difference  in  the  air  resistances  for 
trains  of  different  lengths.  Treating  the  tests  on  the  5-cbach  and  10-coach 
trains  in  this  manner  we  obtain,  for  the  skin  i^esistance,  an  average  value 
of  0 -000035  F^  lb.  per  square  foot  of  longitudinal  exposed  surface. 

For  coaches  with  elliptical  roofs,  of  the  usual  proportions  on  the 
main-line  railways  of  this  country,  the  longitudinal  exposed  surface  (S) 
per  coach  is  given  approximately  by 

8  (Square  feet)=0-35Li4, 

where  L  is  the  length  of  the  coach  in  feet  and  A  is  the  transverse  cross- 
section  of  the  coach-body  in  square  feet. 

Hence,  if  the  head  resistance  is  taken  at  0-0028F2  lb.  p6r  square 
foot  of  transverse  exposed  surface,  the  coefficient  c  in  the  general  equa- 
tion for  train  resistance  becomes 

c=0-0028ifc^A+0-0000122nLi4 
=^(0-0028ifcA+0-0000122nL), (34) 

where  2;  is  a  coefficient  to  include  the  effect  of  the  shape  of  the  end  of 

^,  ,    ,        V  1      X     X    •     xu        X-     exposed    transverse   surface  * 

the.  coach  (see  below),  A  is  the  ratio  — -r. 7 r-r — 1 — » 

cross-section  of  coach  body 

n  is  the  number  of  coaches  in  the  train,  L  is  the  length  of  each  coach  in 
feet,  and  A  is  the  transverse  cross-section  of  the  coach-body  in  square 
feet.  The  following  values,  based  on  the  curves  of  Fig.  349,  may  be  taken 
for  ifc. 

Type  of  End  of  Coach  (see  Fig.  350).  k. 

Flat 1-0 

PartiaUy  rounded  (Standard  U.S.  interurban  cars)    0-65 
Parabolic       .                                                         .0-3 
Parabolic  Wedge 0-28 

*  This  term  is  introduced  to  include  the  shielding  effect  of  the  locomotive.  For 
motor-coach  trains  X  =  1*0. 
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From  the  above  equations  for  the  resistance  of  5-,  10-,  and  20-coach 
trains  we  can  obtain  an  approximate  general  expression  for  the  total 
mechanical  resistances.  Thus  the  total  mechanical  resistances  (in  lb.) 
for  a  train  of  W  tons — 

=  Jf{l-8+F(0a85~0-0393  log  W)] 

Hence,  for  trains  consisting  of  trailer  bogie  coaches  (main-line  stock, 
with  oil-lubricated  journal  boxes)  running  on  good  track,  the  train 
resistance  may  be  estimated  from  the  general  formula : — * 

12=  1F{  1-8+7(0 -186-0 -0393  log  W)}+AV^(0'002SX+0'(mOl22nL),  (35) 
or  r=l-8+F(0-186~0-03931og  Pr)+^F^(0-0028A+0-0000122nL),     (^) 

R  being  the  total  resistance  in  lb.,  and  r  the  specific  train  resistance 
in  lb.  per  ton  of  train  weight. 

>  This  formula  refers  to  trains  hauled  by  ocomotivea,  and  is  not  suitable 
for  electric  motor-coach  trains,  as  the  resistance  of  these  trains  is  con- 
siderably higher  than  that  of  trains  operated  with  locomotives. 

The  increased  resistance  of  motor-coach  trains  is  manifested  by 

the  greater  wear  which  these  trains,  produce  on  the  track  rails, f  and 
may  be  accounted  for  by  (a)  the  heavy  weight  of  bogie  trucks  with 
motors,  (6)  the  unspring-bome  weight  on  the  axles  of  the  motor  trucks, 
(c)  the  low  centre  of  gravity  of  the  motor-coaches,  (d)  the  small  diameter 
of  the  driving  wheels.  These  conditions  are  not  conducive  to  good  riding 
qualities,  and,  in  consequence,  a  large  amount  of  flange  friction  and 
*'  nosing  "  (lateral  oscillation)  takes  place,  while  the  track  is  subjected 
to  direct  blows  of  considerably  greater  magnitude  than  those  which  occur 
with  locomotive-hauled  trains  of  trailer  coaches. 

As  far  as  the  author  is  aware,  no  tests  have  been  made  for  the  de- 
termination of  the  magnitude  of  these  increased  resistances.  Tests 
have  been  made,  however,  on  motor-coach  trains,]:  but  in  all  cases  the 
coasting  method  has  been  adopted. 

Now  it  is  extremely  important  to  remember  that,  for  electric  trains 
consisting  of  motor-coaches  and  trailers,  there  are  two  train  resistances 
to  be  considered,  viz.  (J)  the  true  train  resistance  when  the  power  is 
*'  on  "  ;  (2)  the  apparent  train  resistance  when  the  power  is  "  off  "  and  the 
train  is  coasting.  In  the  latter  case  the  motors  are  being  driven  by 
the  train,  and,  in  addition  to  the  true  train  resistance,  there  is  the  friction 
losses  in  the  motor-axle  bearings,  gears,  armature  bearings,  brushes, 
and  the  windage  loss  in  the  motors.  These  losses  are  all  attributed  to 
the  motors  when  the  power  is  "  on  "  (the  characteristic  curves  of  the 
motors  being  calculated  for  the  output  at  the  tread  of  driving  wheels), 
and  it  would  be  impracticable  to  do  otherwise,  as  the  loss  in  the  gearing 
will  necessarily  depend  on  the  power  being  transmitted. 

*  It  may  be  remarked  here  that  all  formulsB  for  train  resistance  refer  to  still- 
air  conditions.  In  gusty  weather  the  resistance  will  be  greater,  due  to  the  increased 
air  resistance. 

t  See  Minutes  of  Proceedings  of  the  Institution  of  Civil  Engineers,  vol.  179, 
pp.  99,  143 ;  vol.  197,  p.  79.  Proceedings  of  the  Institution  of  Mechanical 
Engineers  (1909),  p.  438. 

X  See  Mr.  AspinaU's  Presidential  Address  to  The  Institution  of  Mechanical 
Elngineers  (Proceedings,  1909,  p.  473).  Also  Journal  of  the  Institution  of  Electriottl 
Engineers,  vol.  60,  p.  463  ;  vol.  62,  p.  446.  Minutes  of  Proceedings  of  the  InstituUon 
of  Civil  Engineers,  vol.  186,  p.  46. 
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The  additional  retarding  force  due  to  motor  and  gear  friction  depends 
on  the  size  and  type  of  motor,  the  number  of  motors  per  train,  the  gear 
ratio,  and  the  diameter  of  the  driving  wheels.  In  the  case  of  trains 
operating  on  urban  railways,  where  the  motors  are  geared  for  a  low 
free-running  speed,  the  motor  and  gear  friction  may  be  of  the  order 
of  from  4  to  5  lb.  per  ton  of  train  weight.  For  suburban  trains,  operating 
at  higher  speeds,  the  motor  and  gear  friction,  at  free-running  speed, 
may  be  of  the  order  of  from  2  to  3  lb.  per  ton. 

In  order  to  derive  a  suitable  formula  for  the  resistance  of  motor- 
coach  trains  the  author  has  analysed  the  curves  which  have  been  pub- 
lished (by  Mr.  Aspinall  and  Mr.  O'Brien  *)  for  the  resistance  of  the 
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Fig.  362. — Corrected  Curve  for  the  Resistcmce  of  a 
Two-coach  Electric  Train. 

electric  trains  on  the  Lancashire  and  Yorkshire  Bailway.  Corrections 
have  been  applied  for  motor-  and  gear-friction  and  the  effect  of  head 
winds.  The  corrected  curve  for  the  resistanoe  of  a  two-coach  train 
(consisting  of  one  motor-coach  and  one  trailer  coach)  is  plotted  in 
Fig.  362,  and  follows  the  law — 

f=4-l+0-056F+00045P, 

where  r  is  the  specific  train  resistance  in  lb.  per  ton  of  train  weight,  and 
V  is  the  speed  in  ml.p.h. 

Now  a  general  formula   for  the   resistance   of  motor-coach 

trains  should  discriminate  between  trains  made  up  of  motor-coaches 
only  and  those  made  up  of  motor-coaches  and  trailers.  At  the  present 
time,  however,  there  is  not  sufficient  data  available  to  enable  this  dis- 
tinction to  be  made.  Moreover,  on  some  lines  it  is  the  general  practice 
to  operate  one  motor-coach  with  one  or  two  trailer  coaches  €ts  a  "'  train- 
unit,"  the  train  being  composed  of  one  or  more  "  train-units." 

Therefore,  a  general  equation,  derived  from  Fig.  352,  will  enable  the 
train  resistance  of  motor-coach  trains  to  be  estimated  with  sufficient 

*  See  Proceedings  of  the  InstUuHon  of  Mechanical  Engineers  (1909),  p.  473; 
Journal  of  the  InettUUion  of  Electrical  Engineers,  vol.  62,  p.  446.  The  author  is 
indebted  to  Mr.  O'Brien  for  data  of  the  latter  tests. 
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accuracy,  especially  since  the  use  of  this  class  of  train  is  restricted  to 
urban  and  suburban  services,  in  which  the  free-running  period  (if  any) 
is  only  a  small  fraction  of  the  total  running  period. 

The  general.equation  *  derived  from  Fig.  352  follows  the  law — 

i2=pr(4-l+0-056F)+i4F«(0-0028Jfe+0-0000122nL),    .     .    (37) 
or  f=4-l+0-056F+^P(0-0028*+0-0000122wL),      .     .     .    (38) 

where  the  S3rmbols  have  the  same  significance  as  in  previous  equations. 

Train  resistance  in  tunnels. — ^The  resistance  of  trains  in  tunnels 
is  naturally  higher  than  that  of  trains  in  the  open  on  accotmt  of  the 
increased  air  resistance.    The  eflFect  of  forced  ventilation  (such  as  is 
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Fio.  353. — ^Resistance  of  2-6-2  Electric  Locomotive  and 
Train  in  the  Simplon  Tvinnel. 

A.  Without  forced  Tentilatlon  In  tunnel. 

B  r  With  forced  f^^^^^^  .9^  tnAn  oppoelte  to  direction  of 


ventilation 
In  tunnel 


sedv 


ventilating  air. 
Motion  of  train  in  same  direction  as 
ventilating  air. 


required  in  very  long  tunnels)  will  also  have  a  considerable  influence 
on  the  train  resistance.  In  this  connection  the  curves  of  Fig.  353  f 
(which  refer  to  the  conditions  obtaining  in  the  Simplon  Tunnel)  are  of 
interest.  These  curves  give  the  resistance  of  a  train  and  locomotive 
when  running  through  the  tunnel  under  different  conditions  of  ventila- 
tion. The  electric  locomotive  wcus  of  the  2-6-2  gearless  type  with  side- 
rod  drive  (see "Fig.  340).  The  weight  of  the  locomotive  was  62  tons ; 
the  transverse  cross-section  wcus  102  sq.  ft. ;  while  the  cross-section  of 
the  tunnel  was  253  sq.  ft.  The  train  (including  the  locomotive)  weighed 
327  tons,  and  was  666  ft.  long. 

In  tube  railways,  where  the  clearance  between  the  train  and  the 
tube  is  very  small,  the  train  resistance  will  be  considerably  aflFected  by 

*  In  these  equations  the  value  of  k  should  be  chosen  from  15  per  cent,  to  20  per 
cent,  higher  than  the  values  given  on  p.  418  to  allow  for  the  increased  air  resistance 
caused  by  the  motors. 

t  From  a  paper  by  E.  Thomann  on  "  The  New  Electric  Locomotives  for  the 
Simplon  Tunnel.*^     See  Genie  Civil,  July  1909. 
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the  increased  air  resistance,  which  in  this  case  is  practically  all  head 

resistance. 

From  tests  carried  out  on  the  Central  London  Railway,  the  specific 

y% 
train  resistance  was  found  to  follow  the  law  r=6+0-5|«.*    At  a  speed 

of  20  ml.p.h.  the  resistance  of  a  130-ton  train  (with  seven  cars)  is  7-5  lb. 
per  ton,  while,  in  the  open,  the  resistance  at  this  speed — calculated  from 
Aspinall's  formula — ^is  only  4-8  lb.  per  ton. 

The  train  resistance  at  carved  track  is  greater  than  that  on 
straight  track,  due  to  greater  flange  friction,  Ac.  The  additional  re- 
sistance will  depend  on  the  radius  of  the  curve,  the  wheel-base  of  the 
trucks,  and  the  end  play  between  the  wheel  flanges  and  the  rails.  There 
is  very  little  data  available  on  the  resistance  at  curved  track ;  f  this  is 
probably  due  to  the  fact  that  to  obtain  accurate  results  a  long  stretch 
of  track  of  uniform  curvature  is  required. 

A  method  adopted  by  American  engineers  for  estimating  the  addi- 
tional resistance  at  curves  is  to  consider  that  each  degree  J  of  curvature 
increases  the  train  resistance  0-6  lb.  per  ton  (2000  lb.)  of  train  weight. 
In  this  country  curves  are  usually  expressed  in  terms  of  the  radius  (jB), 
and  if  this  is  given  in  feet  the  additional  train  resistance  will  be 

0-6 X 1^  X  2  sin-i  ~=  1  -35  sin-'  ^  lb.  per  ton.§ 

Track  resistance  of  tramcars  and  railless  cars.— The  preced- 
ing formulsB  all  refer  to  the  resistance  of  trains  operating  on  railways 

*  See  Electric  Railway  Engineering  (ParshaU  &  Hobart),  p.  9.  Also  Proceedings 
of  the  Institution  of  Mechamcal  Engineers  (191 2 )»  p.  940.  Mr.  W.  Caason  (in  a 
discussion  on  *'  The  Dynamical  Diagrams  of  a  Train  **)  states :  ''To  show  the 
effect  of  the  increased  air  resistance  in  the  timnel  ...  a  single  motor-car  took  just 
hfidf  the  current  and  ran  at  the  same  speed  as  a  train  of  seven  ceirs,  of  which  two 
were  motor-cars,  the  speed  being  27  ml.p.h.  in  each  case.  At  this  speed  the  tractive 
effort  for  the  single  car  was  10(K)  lb.,  and  that  for  the  seven-car  train  was  2000  lb. 

"  From  the  Aspinall  formula  (33),  the  resistances  of  the  car  and  the  train  would 
be,  respectively,  7  "2  and  6-66  lb.  per  ton,  giving  totals  of  166  and  770  lb.  There 
was,  therefore,  an  additional  total  resistance,  due.  to  running  in  the  tube,  which 
was  obviously  independent  of  the  weight  of  the  tredn.  .  .  .  Ttiia  additional  resist- 
ance amounted  to  834  lb.  for  the  single  car  and  1230  lb.  for  the  train. 

[From  these  values  we  obtain  768  lb.  for  the  head  and  suction  resistances,  66  lb. 
for  the  skin  friction  of  the  single  car,  and  462  lb.  for  the  skin  friction  of  the  seven- 
car  train.] 

"  It  was  interesting  to  note  that  768  lb.  was  about  8*5  lb.  per  square  foot  of 
cross-sectionfid  area  of  the  train.  A  water-gauge  showed  1*5  in.  difference  of  level 
between  the  back  and  front  of  the  train,  corresponding  to  7*8  lb.  per  squaxe  foot." 

t  Some  test  results  obtained  on  the  City  and  South  London  Railway  are  given 
by  Mr.  McMahon  in  the  Proceedings  of  the  InstittUion  of  Civil  En^neers,  vol.  147, 
p.  215.  The  tests  refer  to  a  tube  railway  with  a  very  light  train  and  small  wheels. 
The  results  indicate  that  a  large  increase  in  the  train  resistance  occurs  at  sharp 
curves;  for  instance,  on  a  curve  of  540  feet  radius  the  resistance  at  a  speed  of 
13*5  ml.p.h.  was  found  to  be  22*6  lb.  per  ton,  while  the  resistftnce  at  this  speed 
on  straight  track  was  only  11-3  lb.  per  ton. 

{In  this  system  the  curvature  is  given  by  the  angle  (in  degrees)  which  a  chord 
MH)  ft.  long  subtends  at  the  centre  of  curvature.     Hence  if  0  is  the  curvature  in 

degrees  and  R  is  the  radius  of  the  curve  in  feet,  then  sin  ^  =-5-,  or  0  =  2  sin"*  5-. 

2     /t  R 

i  It  is  interesting  to  note  that  the  value  given  in  the  above  footnote  for  the 
resistance  of  the  City  and  South  London  trains  on  curved  track  corresponds  to 
1*06  lb.  per  ton  per  1  degree  of  curvature. 
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where  the  track  can  be  maintained  in  good  condition.  The  resistance 
of  tramcars  operating  through  streets  will  be  much  higher  than  that 
of  railway  trains,  on  account  of  the  different  condition  of  the  track  and 
of  differences  in  the  construction  of  the  cars  and  trucks. 

The  nature  of  the  service  on  tramways  and  the  low  operating  speeds, 
however,  do  not  warrant  an  accurate  estimation  of  the  resistances  to 
motion,  and  an  average  value  of  25  lb.  per  ton  may  be  cussumed  for 
general  conditions. 

With  railless  cars  the  resistance  will  be  affected  largely  by  the 
nature  of  the  road  surface  and  the  class  of  tyres.  On  account  of  these 
indefinite  conditions  the  values  obtained  for  the  resistance  of  motor 
vehicles  can  only  be  considered  as  a  rough  approximation  to  the  average 
resistance.  Thus  the  resistance  of  motor  vehicles  with  pneumatic  tyres 
on  granite,  asphalt,  good  macadam,  or  wood  paving,  has  been  found  to 
be  approximately  40  lb.  per  ton  in  dry  weather  and  50  lb.  per  ton  in  wet 


Fio.  364. — Resistance  of  "  New  York  Central  '*  Type  of  Gearless 

Locomotive. 

weather.    With  solid  rubber  tyres  values  of  50  to  60  lb.  per  ton  have 
been  obtained  in  dry  weather,  and  80  lb.  in  wet  weather.* 

Resistance  of  Electric  Locomotives. — The  resistance  of  electric  loco- 
motives cannot  be  estimated  with  any  degree  of  exactness  on  account 
of  the  large  number  of  variables  which  enter  into  their  design.  More- 
over, on  account  of  the  variety  of  designs  it  is  impossible  to  derive 
formulaB  suitable  for  general  application.  Therefore  close  approxima- 
tions for  the  resistance  of  a  particular  type  of  locomotive  can  only  be 
made  when  tests  on  a  locomotive  of  a  similar  type  are  available. 

Tests  for  the  determination  of  the  resistance  of  electric  locomotives 
have  been  carried  out  in  America  and  on  the  Continent.  A  large  number 
of  tests  were  made  on  the  original  89-ton  gearless  locomotives  for  the 

New  York  Central  Railroad. 

The  average  resistance  of  the  locomotive,  calculated  from  the  test 

♦  See  Minutes  oj  Proceedings  oj  the  Institution  of  Civil  Engineers^  vol.  159,  p.  14 
(paper  by  Col.  R.  E.  Crompton  on  *'  Modem  Motor  Vehicles  ") ;  vol.  198,  p.  24 
(paper  by  Mr.  T.  G.  Gribble  on  **  Ck}mparative  Economies  of  Tramwajra  and  RaiUess 
Electric  Traction" ).  The  latter  paper  contains  curves  and  data  of  the  resistance 
Qi  tramcars  and  railless  cars. 
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results,  is  shown  in  Fig.  354,  together  with  curves  of  the  combined 
resistance  of  the  locomotive  and  train. 

The  locomotives  have  four  driving  axles  and  two  pony  axles,  the 
principal  dimensions  being  given  below  : — 


Length  of  cab  ..... 
Width  of  cab    ..... 
Height  of  roof  above  rails  . 
Height  of  bottom  of  side  sills  above  rails 
Distance  between  centres  of  pony  axles 
Distance  between  centres  of  driving  axles 
Total  weight  on  each  driving  axle 
Dead  weight  per  driving  axle 


34  ft.  0  in. 
10  „  0  , 
13  „  9  , 

5  „  0  , 
27  „  0  , 

4  „  4  , 
16-7  tons. 

5J       „ 


40  ft.  2  in 

10  „  0  „ 

.     12  „  8  „ 

4  ,,  8  ,, 

.     11  ..  0  „ 

.     20  „  9  „ 

25-7  tons. 

1 

8-26  „ 

The  resistance  of  the  102-ton  geared  fireight  locomotives  in  service 
on  the  Cascade  Tunnel  has  been  found  to  be  1500  lb.*  (or  14*7  lb.  per 
ton)  at  the  normal  speed  (15  ml.p.h.)  of  the  locomotives.  These  loco- 
motives are  of  the  double-truck  type,  and  are  equipped  with  four  three- 
phase  475-H.P.  motors,  which  drive  60-in.  wheels  through  twin  gearing 
of  ratio  4*26: 1.  The  cab  is  of  the  box  type,  with  elliptical  roof  and 
practically  flat  ends,  the  principal  dimensions  being  : — 

Length  of  cab   ..... 

Width  of  cab     ..... 

Height  of  roof  above  rails  . 

Height  of  bottom  of  side  sills  above  rails 

Wheel-base  of  trucks 

Distance  between  truck  centres    . 

Total  weight  per  axle 

Dead  weight  per  axle 

In  both  of  the  above  locomotives  the  motors  are  located  on  the 
trucks  and  in  consequence  the  centre  of  gravity  is  low,  while  the  dead 
weight  per  axle  is  fairly  large.  It  will  be  interesting,  therefore,  to 
consider  the  resistance  of  a  gearless  locomotive,  with  a  side-rod 
drive,  in  which  the  motors  are  mounted  on  the  locomotive  framing, 
so  that  the  dead  weight  per  axle  is  only  that  of  the  wheels,  axle, 
and  coupling  rods.  The  resistance  of  a  locomotive  of  this  type  is 
shown  in  Fig.  355.  t  The  locomotive  on  which  the  tests  were  made 
was  built  by  Ganz  &,  Co.  for  the  Valtellina  line  of  the  Italian 
State  Railwajrs.  The  total  weight  of  the  locomotive  is  61  tons,  of 
which  41  tons  is  carried  on  the  three  driving  axles,  and  the  remaining 
20  tons  on  two  pony  axles.  The  driving  wheels  are  69  in.  in  diameter, 
and  are  coupled  together  by  coupling-rods,  the  central  wheels  on  each 
side  being  driven  from  the  (two)  motors  by  means  of  scotch  yokes. 
The  cab  is  constructed  with  sloping  ends,  the  end  faces  of  the  central 

*  See  paper  on  "  The  Electric  System  of  the  Great  Northern  Redlway  Ck>.  at 
Cascade  Tunnel,"  by  Dr.  Gary  T.  Hutchinson  (TransacHons  of  the  American  Institute 
of  Electrical  Engineersy  vol.  28,  p.  1308).  The  resistance  given  above  was  deter- 
mined by  towing  the  locomotive,  and,  therefore,  it  includes  the  motor-  and  gear- 
friction. 

t  From  a  paper  by  F.  Koromzay  on  "  The  New  Electric  Locomotives  of  the 
Valtellina  Railway  '*  (published  in  the  Revue  Oenerale  des  Chemina  de  fer,  March, 
1906). 
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portion  being  shaped  to  include  an  angle  of  approximately  100  degrees, 
for  the  purpose  of  providing  an  extended  look-out  and  of  diminishing 
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Fig.  355. — ^Resistanoe  of  61-ton,  2-6-2  Gearless 
Locomotive  with  Side-rod  (scotch-yoke)  Drive. 

the  air   resistance.     The  principal  dimensions  of  the  locomotive  are 
given  below : — 


Total  length  of  locomotive  framing 
Width  of  locomotive  framing 
Height  of  footplate  above  rails 
Length  of  body  (overall) 
Length  of  central  cab 
Width  of  central  cab 
Width  of  sloping  ends 
Height  of  roof  above  rails 
Height  of  sloping  ends  above  footplate  (max.) 
Height  of  sloping  ends  above  footplate  (min.) 
Total  wheel-base  (centres  of  pony  axles) 
Fixed    wheel-base   (i.e.   twice   distance    between 
centres  of  driving  axles)       .... 


34  ft.  6  in. 


9 
5 

31 

20 
9 
7 

12 
3 
2 

31 


6 
1 
4 
0 
4 
4 
0 
1 
0 
1 


5  in. 


15  .,  4-8 
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CHAPTER   XIX 

THE  CALCULATION  OF  SPEED-TIME  CURVES  AND  ENERGY 
CONSUMPTION  FOR  ELECTRIC  TRAINS 

Part  I. — Spbbd-Timb  Curves 

The  importance  of  the  speed-time  curve  in  electric  railway  engineering 
has  been  considered  in  Chapter  II.  Although  the  simplified  speed-time 
curve  discussed  in  that  chapter  is  convenient  for  preliminary  calculations, 
it  does  not  correspond  to  the  actual  operating  conditions.  Moreover, 
an  accurate  speed-time  curve  is  required  for  energy  calculations. 

The  calculations  for  the  speed-time  curve  and  the  energy  consump- 
tion are  usually  carried  through  together,  since  certain  quantities — 
e.g.  the  current  and  the  time — ^are  common  to  both  calculations.  How- 
ever, to  simplify  matters,  we  shall  only  consider  the  calculation  of  speed- 
time  curves  at  present. 

For  the  calculation  of  the  speed-time  curve  we  require  : — 

(1)  Complete  information  of  the  train  service. 

(2)  A  survey  of  the  route,  showing  the  gradients,  curves,  stations,  &c. 

(3)  Sufficient  particulars  of  the  rolling  stock  and  electrical  equipment 
to  enable  the  train  resistance  to  be  estimated  and  the  effective  weight 
to  be  computed. 

(4)  The  characteristic  curves  of  the  motors. 

The  method  of  calculating  the  speed-time  curve  involves  only  the 
application  of  elementary  mechanics,  the  chief  feature  of  the  method 
being  the  adoption  of  the  speed  as  the  independent  variable.  The  time 
intervals  corresponding  to  certain  increments  of  the  speed  are  there- 
fore obtained  indirectly  from  the  acceleration.  The  process  is  essen- 
tially a  point-to-point  one,  and  the  accuracy  of  any  point  is  governed  by 
the  accuracy  with  which  the  preceding  points  have  been  obtained. 

The  method  of  procednre  is  best  illustrated  by  working  through 
an  example. 

Thus,  consider  that  a  service  of  175-ton  motor-coach  trains  has  to 
be  run  at  a  schedule  speed  of  16  ml.p.h.  over  a  straight  and  level 
track  for  which  the  average  distance  between  the  stations  is  2560  feet.* 
There  is  a  stop  of  20  seconds  at  each  station. 

The  trains  are  composed  of  two  motor-coaches,  weighing  42 -S  tons 

*  The  schedule  speed,  average  distance  between  stations,  and  duration  of  stop 
in  this  example  correspond  to  the  average  service  conditions  on  the  "  Inner  Circle 
portion  of  the  Metropolitan  District  Railway,  London. 

426 


CALCULATION  OF  SPEED  TIME  CURVES,  ETC.     427 

each  (without  passengers),  and  four  trailer  coaches,  weighing  22-5  tons 
each  (without  passengers),  the  total  seating  capacity  of  a  six-coach 
train  being  324.  Each  coach-body  has  a  length  of  52  ft.,  a  maximum 
width  of  8  ft.  9  in.,  and  a  transverse  cross-section  of  87-5  sq.  ft.  The 
height  of  the  bottom  of  the  side-sills  above  the  rails  is  2  ft.  11  in.  Each 
coach  is  mounted  on  two  four-wheel  bogie  trucks  with  36-in.  wheels, 
and  each  truck  of  the  motor-coaches  is  equipped  with  two  150-H.P., 
600-volt,  continuous-current  geared  motors,  which  are  controlled  on 
the  series-parallel  system.  The  characteristic  curves  of  the  motors  are 
given  in  Pig.  32  (p.  49).  These  curves  have  been  calculated  for  the 
gear-ratio  (3'6  :  1)  and  the  size  of  driving  wheels  (36  in.)  adopted  on  the 
above  trains. 

The  armature  of  each  motor  is  18  in.  in  diameter  and  weighs  1500  lb. 
The  average  rate  of  braking  is  2  ml.p.h.p.s.,  while  the  average  accelerating 
current  is  225  amperes  per  motor. 

First,  we  must  calculate  the  effective  weight  of  the  train.  Con- 
sidering the  train  to  be  loaded  with  its  full  complement  of  (seated) 

324 

passengers,  the  total  dead  weight  is  (175+-t^  *=)  195  tons. 

Hence,  allowing  900  lb.  for  each  wheel  and  substituting  in  equation 
(7),  we  obtain  the  effective  weight  (TTJ 


IF,=  195-M-2x24x^+0-49x8xi5gx3-5*x(^^j  =214-6  tons 

(t.e.  10  per  cent,  greater  than  the  dead  weight). 

Second,  we  must  obtain  the  train  resistance.  Now  the  transverse 
cross-section  of  the  coaches  is  78-5  sq.  ft.,  and  the  motors  increa.se  this 
by  about  11-5  sq.  ft.  Therefore,  allowing  for  the  chamfered  ends  of 
the  coaches,  the  coefficient  k  in  equation  (34)  may  be  taken  at 

(„.,.I5:»+n,^=)  .«a. 

Hence,  from  equation  (38),  we  obtain  for  the  specific  train  resistance 
the  equation — 

7Q.K 

r =4-1 +0-055F+-|||F«(0-0028  X 1  054^0-0000122  X  6  X  52) 

=4-1+0  055  V+0  -00272  F^. 

Substituting  various  values  for  V,  we  obtain  the  following  values 
for  the  train  resistance  : — 

Speed,  ml.p.h.(F)  .  .10        15       20      25      30      36 

Specific  train  resistance,  lb.  per  ton  (r)    4-92     5-53    6-3     7-2     8-2    9-34 

The  apparent  train  resistance  during  coasting  will  be  greater  than 
the  above  values,  on  account  of  the  motor  friction  and  gear  losses.  For 
the  class  of  equipment  under  consideration  the  following  values  are 
representative  of  tne  friction  and  gear  losses  per  motor  : — 

Armature  speed,  r.p.m.    .  .260      500      750      1000      1160 

Friction  and  gear  loss,  kw.  .1-3       3-0       5-1       7-4        8-9 

I  *  The  average  weight  of  each  passenger  may  be  assumed  to  be  140  lb.     Con- 

I  aequently  16  passengers  will  weigh  1  ton. 
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Rearranging  thase  values  t-o  correspond  to  the  retarding  force  per 
motor,  we  obtain  : — * 

Speed  of  train  (ml.p.h.)  . 
Itetarding  force  per  motor  (lb.) 

Hence  the  apparent  train  resistance  during  coasting  is  obtained  by 
adding  this  additional  retarding  force  to  the  true  train  resistance.  The 
steps  in  the  process  are  shown  below  : — 


10 

15 

20 

25 

30 

35 

87-5 

98 

107 

114 

121 

126-5 

Speed  of  train  (ml.p.h.)         .  |     10 
Specific  train  resistance  (r-lb.  ; 

per  ton)   .         .         .         .   !   4-92 
Total trainresistance  ( 1 95  r-lb. )  i    960 
Retarding  force  due  to  8  motors' 

700 
1660 


(lb.) 
Total  retarding  force  (lb.) 
Apparent  train  resistance  (lb. 

per  ton)  or  retarding  force 

per  ton  (lb.)     ...       8-5       9-5      10-75     11-88    1315     14-5 

The  train  resistance  and  the  apparent  train  resistance  during  coasting 
are  plotted  in  Fig.  356. 

Third,  we  have   to  determine  the  tractive-effort  available  for 
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Fio.  366. — ^Train  Resistance  and  apparent  Train  Resistance 
of  Six-coach,  195-ton  Electric  Train. 

acceleration  at  various  speeds  when  the  motors  are  running  in  parallel 
at  normal  voltage.    This  is  readily  obtained  from  the  characteristic 

♦  The  method  of  converting  the  loss  into  retarding  force  is  as  follows.  With 
a  gear  ratio  of  3*6:1  and  36-in.  wheels,  the  relation  between  the  armature  speed 
(r.p.m.)  and  the  train  speed  (ml.p.h.)  " 


ml.p.h.  =  .^:j-x^_ 


x3t  = 


r.p.m. 
32-05 


Hence  the  retarding  force  (in  lb.)  corresponding  to  the  gear  and  friction  losBes  (in 
kw.)  at  this  speed  is 

(lb.)  =_,  ^  ^  X  ,:r!rrT, — ?oS7t  =  603  __i  ^  _  =  1M40, 


ml.p.h.     0-746x6280 


ml.h.p. 


*r.p.m. 
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curves  of  the  motor  by  deducting  the  train  resistance  from  the  tractive - 

effort  curve.    Instead  of  deducting  the  total  train  resistance  from  the 

total    tractive-effort   of  the   eight  motors,    we  deduct  one-eighth   of 

the  total  train  resistance  from 

the  tractive-effort  of  one  motor, 

and  thus  obtain  the  accelerating 

force  per  motor,  as  shown  in 

Fig.  357.    By  considering  this 

force  to  act  upon  one-eighth  of 

the  mass  of  the  train,  we  shall 

obtain  the  same  conditions  as 

if  the  total  accelerating  force 

of  the  eight  motors  acted  upon 

the  whole  mass  of  the  train. 

We  have  now  all  the  data 
necessary  for  the  calculation  of 
the  speed-time  curve. 

I.  Consider  the  period   of 

initial  acceleration.     During 

this  period  the  starting  resist- 
ance is  cut  out  to  maintain  the 
average  accelerating  current 
practically  constant  at  .  225 
amperes  per  motor.  When  all 
resistance  has  been  cut  out  in 

the  parallel  combination  of  the  motors,  the  speed  of  the  train  (assuming 
normal  voltage)  will  be  16-8  ml.p.h.  (See  speed  curve,  Fig.  32.)  The 
mean  train  resistance  during  this  period  will  be  much  greater  than  that 
corresponding  to  the  average  speed,  and  we  shall,  therefore,  assume  an 
average  value  of  8  lb.  per  ton. 

Hence  the  average  tractive-effort  available  for  acceleration — 

=3500-^  X  195  X  8=3500- 24-36  X  8=  3305  lb. 

(3500  is  the  tractive-effort,  from  Fig.  32,  corresponding  to  a  current 
of  225  amperes.) 

Now  this  force  acts  upon  one-eighth  of  the  effective  weight  of  the 
train,  i.e.  (^x  214-6=)  26-8  tons. 

Oorvc 

Therefore  the  mean  acceleration  =55^-5 — 77^^=1  •21  ml.p.h.p.s. 

26*8x102  ^     ^ 

Duration  of  accelerating  period    =t^  =  13-9  seconds. 


20  90 

Fig.  357. — Curve  connecting  Speed  and 
accelerating  Tractive-effort  per  Motor 
for  Six-coach  Train. 


Distance  run  during  this  period    = 


16-8     13-9     ^^^ 
"2~^3600^^  ^ 


=ixl6-8x  13-9  x  1-467 
=  170  ft. 

II.  Period  of  speed-curve  running. — We  now  select  a  series  of  incre- 
ments of  the  speed,  and  calculate  the  mean  acceleration  for  each  interval, 
after  which  the  time  and  distance  are  readily  obtained. 
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Thus,  consider  the  increment  from  16-8  ml.p.h.  to  19  ml.p.h.    The 
mean  accelerating  tractive-effort  (from  Fig.  357), 

=1^(3305 +2090) =2697  lb., 


and  the  mean  acceleration 

Time  of  interval 
Total  time  from  start 
Distance  run  during  interval 


2697 


=  0?7QK=^'^^'7^'P-''^-P-^- 


~26-8  X  102    2735 

=    0-987    =^'^^  seconds. 
=  13-9+2-23=1613  seconds. 
16-8+19     2-23 


X 


X5280 


Total  distance  from  start 


2        '^3600 
=  17-9x  2-23  X 1-467 
=58-6  ft. 
=  171+58-6=229-6ft. 


We  can  repeat  this  process  until  the  free-running  speed  (^8-5  ml.p.h.) 
is  reached,  the  free-running  speed  being  obtained  directly  from  Fig.  357. 
The  results  of  these  calculations  are  given  in  Table  XIV. 


TABLE    XIV 

4 

Calculation  of  Speed-time  Curve  from  Start  to  Free  Running 

FOR  Run  on  Level  Track. 


Speed. 

Tractive- 
Effort. 

-.1 

Mean  Accelera- 
ting Tractive- 
Effort. 

Mean 
leleration. 

Time 
srement. 

me  from 
Start. 

em  Speed. 

istance 
crement. 

1 

Total 
istanoe. 

^K^ 

d 

O 

d 

0) 

inl.p.h. 

«5 
ft. 

•  Q 

ml.p.h. 

lb. 

nil.p.h. 

lb. 

ml.p.h.p.8. 

see. 

sec. 

ft. 

0 

3306 

0 

0 

•  ■ 

•  • 

16-8 

3306 

1-21 

13-9 

•  • 

8-4 

171 

. . 

16-8 

3306 

13-9 

171 

•  ■ 

•  • 

2-2 

2697 

0-987 

2-23 

•  « 

17-9 

68-6 

•  m 

19 

2090 

1613 

230 

.  * 

•  • 

20 

1730 

0-633 

316 

«  • 

20 

92-7 

•  • 

21 

1370 

19-29 

322 

•  • 

. . 

1-5 

1210 

0-433 

3-39 

•  • 

21-75 

108-1 

•  « 

22-6 

1050 

22-68 

430 

•  • 

«  • 

2-5 

880 

0-322 

7-76 

•  • 

23-76 

270 

•  • 

26 

710 

30-44 

700 

•  • 

•  • 

2-5 

600 

0-219 

11-38 

•  • 

26-26 

438 

•  • 

27-6 

490 

41-82 

1138 

•  • 

•  • 

2-5 

410 

0-16 

16-66 

•  « 

28-75 

702 

•  • 

30 

330 

58-6 

1840 

«  • 

a  . 

6 

218 

0-08 

62-8 

. . 

32-5 

2990 

•  • 

35 

105 

121-3 

4830 

•  • 

•  m 

3-6 

62-6 

00192 

182-2 

• . 

36-76 

9810 

•  • 

38*5 
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i 

303-6 

14640 
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In  the  case  of  short  runs,  however,  we  seldom  reach  free-running 
speed.  It  is  advisable,  therefore,  to  plot  the  speed-time  and  distance- 
time  curves  after  a  few  points  have  been  calculated. 

Now,  since  the  schedule  speed  is  16  ml.p.h.,  the  running  time,  for 

a  distance  of  2560  ft.,  will  be  (^^i^9~20=)89  seconds. 

The  accelerating  and  braking  portions  of  the  speed-time  curve  can 
now  be  drawn,  and  are  represented  in  Fig.  358  by  OA  and  DE  respec- 
tively, OD  representing  the  running  time — 89  seconds.  DEy  of  course, 
makes  an  angle  of  (— tan~^  2)  with  the  time  axis. 
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Ficu  368. — Speed-time  Curve  for  Motor -coach  Train  (2560  ft.  run  on  level 

track  at  16  mLp.h.  schedule  speed). 

The  points  at  which  the  power  must  be  cut  off  and  the  brakes 

applied  must  now  be  determined.  We  know  that  the  area  of  the  speed- 
time  diagram  must  represent  the  distance  travelled  during  the  running 
time — ^in  the  present  case  2560  ft.  Hence  the  coasting  line  EC  (Fig.  358) 
must  be  drawn  so  that  the  area  OBCD  represents  2560  ft.,  whSe  the 
inclination  of  EC  to  the  time  axis  must  correspond  to  the  mean  retarda- 
tion during  the  coasting  period.  It  is  apparent  that  this  must  be 
accomplished  by  a  process  of  trial  and  error.  With  some  experience, 
however,  the  correct  position  can  usually  be  obtained  on  either  the  first 
or  the  second  trial. 

For  instance,  suppose  we  cut  off  power  at  35  seconds  when  the  speed 
is  26-1  ml.p.h.  The  distance  travelled  during  this  time  is  875  ft.,  so 
that  the  train  must  coast  for  a  certain  period  before  the  brakes  are 
applied.  In  order  to  obtain  the  duration  of  the  coasting  period  we  must 
know  the  retardation.  This  can  be  obtained  when  the  train  resistance 
IB  known.      Hence  it  is  necessary  to  assume  a  value  for  the  average 
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speed  during  the  coasting  period  in  order  to  obtain  an  appropriate  value 

for  the  train  resistance.    In  the  present  case  we  will  assume  the  average 

speed  as  24  ml.p.h.,  which  corresponds  to  an  apparent  train  resistance 

of  11 '6  lb.  i)er  ton.* 

11  •6x24*35 
Hence  the  retardation  =-7777; — no  o  =0-103  ml.p.h.p.s.    The  coast- 

102x^0*0  ^     ^ 

ing  line  BC  (Fig.  358)  is  now  drawn  on  the  curve-sheet,  and  the  inter- 
section of  this  line  with  the  braking  line  gives  us  the  point  at  which  the 
brakes  must  be  applied. f  This  point  is  found  to  be  at  78-2  seconds,  when 
the  speed  is  21-6  ml.p.h.  Before  proceeding  further  it  is  necessary  to 
check  our  assumption  of  the  average  speed  for  the  coasting  period. 
This  is  {|(26-l-f  21-6)=}23-85  ml.p.h.,  so  that  the  value  obtained  above 
for  the  retardation  will  be  substantially  correct. 

If  the  area  of  the  diagram  OBCD  be  determined  by  a  planimeter,  it 
will  be  found  to  represent  2555  ft.,  which  is  sufficiently  near  the  actual 
distance  (2560  ft.)  of  the  run  to  justify  the  correctness  of  our  trial. 

The  alternative  method  of  ascertaining  whether  or  not  the  point  of 
cut-off  has  been  chosen  correctly  is  to  determine  the  distances  by  cal- 
culation, as  follows : — 

The  time  of  the  coasting  period         =78*2— 35=43-2  seconds, 
and  the  time  of  the  braking  period         =89—78-2=10-8  seconds. 
Hence  the  distance  run  during  coasting  =23-85 x  43-2 x  1-467=1510  ft., 
and  the  distance  rim  during  braking       =\  x  21  -6 x  10-8 X 1  -467=170  ft. 

The  total  distance  run  is,  therefore,  875+1510+170=2565  ft. 

The  complete  speed-time  curve  together  with  the  distance-time  curve 
is  shown  in  Fig.  358. 

Effect  of  gradients  and  cnrves. — ^In  practice  we  are  not  generally 
favoured  with  ideal  track  conditions — ^as  assumed  in  the  above  example — 
but  we  have  curves  and  gradients  of  varying  amounts.    When  consider- 

*  The  mean  train  resistance  during  coasting  is  slightly  greater  than  the  train 
resistance  at  the  mean  coasting  speed,  but  the  conditions  of  operation  and  other 
variable  features  do  not  warrant  a  closer  estimation  than  that  ffiven  above. 

t  The  pK)int  of  application  of  the  brakes  may  be  ascertamed  analyticcdly  by 
obtaining  the  co-ordinates  of  the  point  of  intersection  of  the  coasting  and  braking 
lines.  Thus  the  equations  of  the  coasting  and  braking  lines  are,  respectively, 
iriven  by 

V'^L\-^rl' (39) 

and  V''  =  t\-^" (40) 

where  V\  V'\  denote  the  speeds  at  times  t\  i"  respectively ;  /3f,  /3  denote  the 
respective  retardations  during  coasting  and  braking ;  V^  and  \J^  denote  the 
hypothetical  speeds  at  zero  time  {i.e.  the  intercepts  on  the  vertical  axis).  If 
V"\  i"*  denote  the  co-ordinates  of  the  point  of  intersection  of  the  coasting  and 
braking  lines,  then  F'"=  L\  -/Sc^'"  =  U^  -  ^"'  ; 

whence  i'"  =  ^) "  ^  ' (41) 

P-Pc 


V"  is,  of  course,  obtained  by  substitution. 


by 

V 

adopting    the    above    value    for    the    retardation    during    coasting,    we     obtain 

(/j  =261 +0103  x35 -=29-7;   172=0  +  2x89  =  178.     Therefore. 

r'-lIi;^i2l2-78-2  8ec.,  while  r"-178-2  x 78-2  =  21 -6  ml.p.h. 
2  —  0*103 
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ing  the  electrification  of  a  particular  railway,  the  energy  consumption 
must  be  calculated  for  each  section  of  the  route  before  an  accurate  value 
of  the  average  energy  consumption  over  the  whole  route  can  be 
obtained.  Hence  it  will  be  necessary  to  determine  the  fipeed-time  curves 
for  the  actual  track  conditions,  and  if  there  are  numerous  gradients  and 
curves  the  calculation  by  the  above  method  will  usually  consume  much 
time  and  patience.  The  effect  of  the  gradients  and  curves  on  the  train 
resistance  can  readily  be  allowed  for,  but  the  time  of  running  on  the 
various  gradients  and  curves  must  be  determined  by  trial.  An  example 
— representing  typical  conditions  on  a  suburban  railway — ^will  best 
illustrate  the  method  of  procedure. 

Suppose  the  above  176-ton  motor-coach  train  has  to  operate  over 
a  section  4800  ft.  long  at  a  schedule  speed  of  20  ml.p.h.  with  a  stop 
of  20  seconds  at  the  station.  The  profile  of  the  section  is  shown  in 
Eig.  359,  and  the  speed-time  curve  will  be  calculated  for  the  direction 


\tc**° 
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Fig.  369.— Profile  of  Track  for  Speed-time  Curve  in  Fig.  360. 


of  running  indicated  by  the  arrow.  The  mean  accelerating  current  is 
225  amperes  (as  above),  and  the  average  rate  of  braking  on  level  track 
is  2'0  ml.p.h.p.s. 

From  an  inspection  of  Fig.  359  it  will  be  apparent  that  the  brakes 
must  be  applied  when  the  train  is  on  the  falling  gradient  of  1  in  170. 

f  100    \ 

This  gradient  is  equivalent  to  an  accelerating  force  of  (22*4XT=jn:=  j 


braking  will  equal  (2— yTj — TK9=)  ^'^^  ml.p.h.p.s. 


13-2  lb.  per  ton  of  train  weight.*    Hence  the  actual  retardation  during 

13-2 

[Note. — 1-1  is  the  ratio  of  the  effective  weight  of  the  train  (214-6 
tons)  to  the  dead  weight  (195  tons).] 

The  falling  gradient  of  1  in  133,  on  which  the  train  is  started,  is  equiva- 
lent to  an  accelerating  force  of  f  22-4Xtoo=)  ^^'^  ^^-  P®^  ^^  ^^  *'^®'^ 
weight,  or  (16-8xix.l95=16-8x24-36=)410  lb.  per  motor. 

Hence  during  the  initial  acceleration  (up  to  a  speed  of  16*8  ml.p.h.) 
the  mean  accelerating  tractive-effort  per  motor — on  the  assumption  of 
8  lb.  per  ton  for  the  average  train  resistance — is  (3500—8  x  24-36+410=) 
3715  lb. 

*  Obtained  from  equation  (8),  p.  20. 

2e 
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Therefore  the  mean  acceleration — 


3715         3715     ,  ««     ,     , 


102x26-8    2735 
Duration  of  the  period  of  initial  axjceleration — 

16-8 
=Y^=  12-35  seconds. 

Distance  run  during  this  period — 

=^X  16-8X  12-35X  1-467=152-2  ft. 

We  now  continue  the  calculation  in  the  same  manner  (but  allow  for 
the  effect  of  the  gradient)  as  in  the  above  example,  until  a  distance  of 
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Fig.  360. — Speed-time  Curve  for  Motor-coach  Train  operating  on  Track  with 
Curves  and  Gradients  (4800  ft.  run  at  20  ml.p.h.  schedule  speed). 

1200  ft.  has  been  run.  The  results  of  the  calculations  are  given  below, 
and  it  is  only  necessary  to  remark  that  the  last  increment  of  speed  (for 
this  period)  must  be  obtained  by  trial. 

We  have  next  600  ft.  of  level,  but  curved,  track.     For  the  first  420  ft. 

there  is  a  curve  of  62  chains  radius  or  (  =2  sin~M  ^^ — «« )^  )  ^'*  degrees, 

and  for  the  remainder  of  the  distance  there  is  a  curve  of  50  chains  radius 

50        \ 
I— r — s^=  I  1-73  degrees.     These  curves  increase  the  train 

5U  X  DO     / 

resistance  by  1-0  and  1-2  lb.  per  ton  respectively,  or  an  increase  in 
resistance  of  24  and  29  lb.  respectively  per  motor. 

The  accelerating  tractive-effort  is  therefore  obtained  by  deducting 
these  values  from  the  appropriate  values  given  in  Fig.  357. 

A  few  trials  will  probably  be  necessary  before  the  correct  distances 
are  obtained. 


or 


(=2  sin 
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Next  we  have  to  negotiate  the  rising  gradient  of  1  in  120.    Thia 

gradient  is  equivalent  to  a  retarding  force  of  /^22-4Xy^=)  18-7  lb, 

per  tori,  or  (18-7  X  24-35=)  455  lb.  per  motor.  Hence  the  mean  accele- 
rating (or  retarding)  tractive-effort  is  obtained  by  deducting  this  force-^ 
due  to  the  gradient — ^from  the  appropriate  values  given  in  Fig.  367. 
Thus  consider  the  speed-decrement  31*43  to  29-5  ml.p.h.  The  mean  ac- 
celerating force  on  level  track,  obtained  froin  Fig.  367,  is  {|(250+360)  =  } 
305  lb.     Hence  the  net  retarding  force  =455—306=160  lb.     The  re- 

/ 160     \ 
tardation  is  therefore  {o7oH=  )  ^*^^^  ml.p.h.p.s. ;  whence  the  time  and 

distance  follow  in  the  usual  manner. 

Before  making  further  calculations  it  will  be  advisable  to  plot  the 
speed-time  and  distance-time  curves  for  the  purpose  of  making  trials 
to  determine  the  point  of  cut-off. 

The  results  of  the  calculations  for  the  speed-time  and  distance-time 
curves  up  to  89  seconds  (i.e.  imtil  the  second  stretch  of  level  track  is 
reached)  are  given  in  Table  XV. 
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We  will  now  make  a  trial  of  cutting  off  power  at  64  seconds,  when 
the  speed  is  30*8  ml.p.h.  The  distance  run  during  this  time  is  2257  ft. 
Consequently  the  position  of  the  train  is  457  ft.  up  the  1  in  120  gradient. 
There  is,  therefore,  a  further  distance  of  (1550— 457=)  1093  it.  to  be 
run  up  this  gradient.  The  retarding  force  due  to  the  gradient  is  18-7  lb. 
per    ton,   and,   assuming    the    mean   train  resistance  to  be   12*4  lb. 

per  ton,  we  obtain  the  retardation  as  (  1.1102  =)^'^77  ml.p.h.p.s. 

The  time  required  to  run  the  distance  of  1093  ft.  with  this  retarda- 
tion and  an  initial  speed  of  30*8  ml.p.h.  can  be  obtained  by  the  applica- 
tion of  the  general  dynamical  equation — 

D^=V^t-il3fi (42) 

where  F^  is  the  initial  velocity ;    fi  is  the  retardation,  and  Di  is  the 
distance  run  during  the  time-interval  t,  all  in  foot-second  units. 

In  this  equation  D^  is  given  in  feet,  if  Vi  is  expressed  in  feet  per 
second,  t  in  seconds,  and  fi  in  feet  per  second  per  second.  For  our  purpose 
we  require  D^  in  feet  when  Fj  is  expressed  in  ml.p.h.  and  P  is  expressed 
in  ml.p.h.p.s.  Hence,  transforming  the  equation  to  these  imits  and 
solving  for  t  we  obtain — 

,     l'467Fi-V(l-467Fi)«-2xl'467xj^xi)i  /.ox 

^= r467j§ ^^ 

Inserting  the  above  values  for  F^,  2>i,  and  fi  we  have^ 


,     l'467x30-8-v/(l'467x30-8)^-2x  1-467x0-277x1093    ^^  . 

*- 1-467x0-277 ^^'*  ^'^• 

The  speed-decrement  for  this  interval  is  (28-4x0-277=)  7*85  ml.p.h. 
Hence  the  speed  at  the  end  of  the  interval  is  (30-8— 7-85=)  22*94  ml.p.h., 
while  the  mean  speed  is  26*87  ml.p.h.  The  train  resistance  correspond- 
ing to  the  mean  sjieed  is  12-4  lb.  per  ton  (from  Fig.  356),  so  that  our 
assumption  of  12*4  lb.  per  ton  is  correct,  although,  in  the  present  in- 
stance, an  error  of  1  lb.  per  ton  would  have  affected  the  retardation  by 
only  3  per  cent. 

The  run  along  the  level  stretch  of  440  ft.  is  next  calculated,  and 
we  finally  reach  the  falling  gradient  of  1  in  170  on  which  the  train  is  to 
be  brought  to  rest.  The  train  commences  the  descent  of  this  gradient 
at  a  speed  of  21*47  ml.p.h.  (see  below),  the  time  being  105*8  seconds. 
The  gradient  produces  an  accelerating  force  of  13*2  lb.  per  ton,  and  if 
the  mean  train  resistance  is  assumed  to  be  11*1  lb.  per  ton,  we  have  a 
net  accelerating  force,  due  to  the  gradient,  of  (13*2— 11-1  =  )2'1  lb. 
per  ton,  which  produces  an  acceleration  of  0-0187  ml.p.h.p.s. 

AQfifk 

Now  the  running  time  =^r — ,^^— 20=143*5  seconds. 

Hence  the  time  on  this  (1  in  170)  gradient  =143 -5 -105 -8 =37 -7 
seconds,  which  includes  the  time  for  braking. 

The  point  at  which  the  brakes  must  be  applied  may  be  determined 
either  from  the  curve-sheet  or  by  a  few  trial  calculations :  it  will  be 
found  to  be  at  132*4  seconds,  when  the  speed  is  21*97  ml.p.h. 

Hence  the  duration  of  the  braking  period  is  11*1  seconds,  and  the 
time  of  coasting  down  the  gradient  is  26-6  seconds. 


ttl 
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Therefore  the  distance  run  during  braking  is  (^  x  21  -97  x  1 1  -1 X 1  -467= ) 
179ft.,andthe  coasting  di8tancei8{|(2i  -47+21  -97)  X  26-6  x  1  -467=  }848ft. 
Summing  up  the  various  distances  we  obtain  a  total  of  4817  ft. 

The  complete  speed-time  and  distance-time  curves  are  given  in 
Fig.  360,  while  the  results  of  the  calculations  for  the  coasting  and  braking 
periods  are  given  in  Table  XVI. 


TABLE  XVI 

Calculation  of  Coasting  and  Braking  Portion  of  Spebd-timk 
Curve  for  Rxtn  on  Track  with  Gradients  and  Curves. 
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In  cases  where  speed-time  curves  are  required  for  runs  extending  over 
many  gradients  the  calculations  can  be  carried  out  more  expeditiously 

by  adopting  the  analytical  method  developed  by  Mr.  F.  W.  Carter, 

and  described  in  detail  in  a  paper  entitled  '*  Redetermination  in  Railway 
Work."*  In  this  method  the  treatment  of  problems  connected  with 
train  movement  is  based  upon  the  assumption  that,  within  the  working 
range  of  ordinary  continuous-current  series  traction  motors,  the  rela- 
tions between  the  tractive-effort  and  the  current  may  be  represented 
by  a  straight  line,  while  the  relation  between  the  speed  and  the  current 
may  be  represented  by  a  hyperbola.  From  these  premises  a  series  of 
equations  connecting  the  speed,  distance,  tractive-effort,  and  time  are 
developed,  and  a  set  of  universal  speed-time  and  speed-distance  curves 
are  obtained  from  which  those  appropriate  to  the  problem  can  be 
selected. 

•  See  Transactions  of  the  American  Institute  of  Electrical  Engineers,  vol.  22, 
p.  133.  This  paper  should  be  studied  by  all  students  interested  in  the  subjects 
of  speed- time  curves  and  energy  consumption.  Further  papers  on  speed- time 
curves  will  be  found  in  vol.  19,  pp.  129,  901;  vol.  33.  p.  1073. 
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Part  II. — Energy  Consumption  (Contenuous-Currbnt  Equipments) 

One  of  the  characteristic  features  of  electrical  engineering  is  that 
the  energy  input  to  a  motor,  or  a  group  of  motors,  performing  a  definite 
cycle  of  operations  can  be  predetermined  with  a  high  degree  of  axjcuracy 
when  the  characteristic  curves  of  the  machines  are  available  and  the 
mechanical  resistances  are  known.  This  feature  also  applies  to  electric 
railway  engineering.  For  instance,  the  performance  of  a  given  electric 
train,  operating  to  a  given  schedule  in  suburban  service,  can  be  pre- 
determined with  precision,  since  the  uncertain  factors  (such  as  train 
resistance)  connected  with  the  problem  influence  the  final  results  to  only 
a  small  degree.  Hence  in  making  guarantees  for  the  energy  consump- 
tion of  suburban  electric  trains  it  is  only  necessary  to  add  a  small  allow- 
ance (to  cover  unforeseen  contingencies)  to  the  calculated  figures ;  in 
fact,  this  allowance  is,  in  many  cases,  only  of  the  order  of  5  per  cent. 
It  is  now  our  purpose  to  show  the  manner  in  which  these  calculations 
are  made. 

In  order  to  calculate  the  energy  required  by  an  electric  train  when 
operating  to  a  given  schedule,  it  is  necessary  to  have  available  the  speed- 
time  curve  corresponding  to  the  conditions  of  service  and  the  charaxj- 
teristic  curves  of  the  driving  motors,  while  a  knowledge  of  the  method 
of  control  will  also  be  necessary. 

In  principle,  the  method  of  calculation  is  similar  to  that  adopted  for 
the  calculation  of  the  speed-time  curve,  i.e.  the  speed  is  considered  as 
the  independent  variable  and  the  increments  in  the  time  and  current, 
corresponding  to  increments  in  the  speed,  are  obtained.  The  increments 
in  the  energy  are  then  calculated,  and  the  total  energy  supplied  follows 
by  a  process  of  summation.* 

The  method  of  procedure  is  best  illustrated  by  working  through  an 
example,  and  for  this  purpose  we  shall  consider  the  2660-ft.  run  for  which 
the  speed-time  curve  was  calculated  in  the  earlier  part  of  this  chapter. 

In  the  calculations  which  follow,  the  energy  supplied  to  one  motor 
is  calculated,  and  the  total  energy  supplied  to  the  train  is  obtained  by 
multiplying  by  the  number  of  motors.  This  method  possesses  an  €td- 
vantage  over  the  direct  method  of  calculating  the  total  energy,  since  the 
standard  characteristic  curves  of  the  motor  can  be  used  without  modi- 
fication. 

The  characteristic  curves  of  the  motors  under  consideration  are  given 
in  Fig.  32  (p.  49).  Of  these  curves  we  only  require  the  speed-current 
curve  for  the  energy  calculations,  but  we  shall  utilise  the  efficiency  curve 
later  in  order  to  obtain  the  average  efficiency  during  the  period  of  speed- 
curve  running. 

Consider  first  the  period  of  rheostatic  acceleration  (i.e.  from  the  start 

until  a  speed  of  16-8  ml.p.h.  is  reached).    During  this  period  the  current 
per  motor  will  be  assumed  to  be  maintained  constant  at  225  amperes.t 

•  The  total  energy  supplied  may  also  be  obtained  by  plotting  a  power-time 
curve  and  integrating  this  by  means  of  a  planimeter. 

t  In  practice,  with  a  limited  number  of  controller  notches,  the  current  will 
fluctuate  between  maximum  and  minimum  values  as  the  sections  of  the  rheostats 
are  cut  out.  With  suitably-graded  rheostats  and  the  controller  manipulated  to 
give  imiform  current-peaks  {e.g.  as  is  obtained  with  automatic  control),  the  devia- 
tion of  the  actual  conditions  from  the  ideal  will  not  introduce  any  appreciable  errors 
into  the  calculation  of  either  the  speed  or  the  energy  consumption. 
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With  series-parallel  control,  the  input  (from  the  conductor  rails)  to  a 
pair  of  motors  during  the  first  half  of  this  period  (when  the  motors  are 
in  series)  will  be  226x600=136  kw.,  and  during  the  second  half  of  the 
period  (when  the  motors  are  in  parallel)  the  input  will  be  2x225x600 
=270  kw.  Hence  the  energy  input  per  motor  for  the  whole  of  the  initial 
accelerating  period  will  be*  {i(135  x  ^  x  13-9+270x^  x  13-9)=}  1409 

(1000    \ 
1409X5«jrjr=]  391  watt-hours. 

The  energy  input  for  the  period  of  speed-CUTVe  mnning  is 
obtained  by  selecting  a  series  of  increments  of  the  speed,  calculating 
the  average  energy  input  for  each  increment,  and  summing  the 
results. 

Thus  the  interval  from  16-8  ml.p.h.  to  19  ml.p.h.  occupies  2-23 
seconds,  and  the  average  current  (from  Fig.  32)  is  (^(225-f  160)  =  }  192 


amperes,   so   that   the   average   energy   input  = 


192x600x2-23 
3600 


=71-4 


watt-hours. 

Similarly,  for  the  intervals  until  cut-off,  we  obtain  the  following 
results : — 


1 

Speed  Increment 
(mLp.h.). 

Time  Interval 
(seconds). 

316 
3-29 
7-76 
4-6 

Average  Current 
(amperes). 

_ 

141 
114 
.   93 
83-6 

Average  Energy  Input, 
(watt-hours). 

19  to  21 
21  to  22-5 
22-6  to  26 
26  to  261 

74-2 
64-4 
120 
64 

The  average  energy  input  per  motor  for  the  whole  run  is,  therefore, 
(391-f71-4+74-2-f64-4-f  120+64=)  786  watt-hours.     Hence  the  total 


(noK  V  ft      \ 
-— —  =j   6-28  kw.-hours,    or 

/6-28X5280    \,ooKi       u  *    •         I 

( 9fiflS — ~/  ^"'^^  kw.-hours  per  tram  mile. 

rru              -a                                    4.-             12-96x1000     ^^  .         . .  , 
The  specific  energy  consumption    = tttz =66*4  watt-hours 


195 


per  ton  mile. 


*  The  series  and  parallel  portions  of  the  initial  accelerating  period  are  here 
considered  to  be  of  equal  duration.  A  reference  to  Fig.  110  (p.  142)  will  show  that, 
due  to  the  internal  resistance  of  the  motors,  the  time  of  running  on  the  series  notches 
is  slightly  shorter  than  that  for  the  parallel  notches  when  the  accelerating  current 
per  motor  is  maintained  constant.  In  the  present  case,  assuming  a  5  per  cent, 
voltage  drop  in  each  motor,  the  respective  times  on  the  series  and  parallel  notches 
are  6*58  cmd  7*32  seconds,  so  that  the  energy  input  per  motor  during  the  initial 
accelerating  period  is  1432  kw.  seconds  instead  of  1409.  The  specific  energy  con- 
sumption, however,  only  differs  0*5  per  cent,  in  the  two  cases. 
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It  is  instructive  to  analyse  this  energy  consumption  into  its  seyeral 
components.    Thus : 

„  .  ..  >  u  1-  *  0-0283x(21-6)2x214-6x5280 
Energy  expended  durmg  braking  *      .     = 2560x195 

=29-9  watt-hours  per  ton  mile. 

Energy  expended  against  train  resist- 
ance (while  power  is  on)  f    •         •     =4-7  watt-hours  per  ton  mile. 

Energy  expended  against  apparent 
train  resistance^  diuring  coasting 
(difference  between  kinetic  energy 
at  26-1  ml.p.h.  and  21-6  ml.p.h.)  .     =13-8  watt-hours  per  ton  mile. 

Losses  in  starting  rheostats  |       .         .     =10*5  watt-hours  per  ton  mile. 

Losses  in  motors  and  gearing  (by  dif- 
ference)    .         .         .         .         .     =  7  '5  watt-hours  per  ton  mile. 

The  energy  utilised  during  the  run  =4*7+ 13*8=  18-5  watt-hours  per 
ton  mile,  or  28  per  cent,  of  the  energy  supplied  from  the  conductor 
rails.  The  remaining  72  per  cent,  is  accounted  for  as  follows  :  45  per 
cent,  is  dissipated  in  the  brake  shoes,  12  per  cent,  is  dissipated  in  the 
starting  rheostats,  and  12  per  cent,  is  dissipated  in  the  motors  and 
gearing. 

If  the  kinetic  energy  possessed  by  the  train  at  the  point  of  cut-o£F 
be  considered,  we  find  that  31  -6  per  cent,  of  this  energy  is  utilised  during 
coasting,  and  the  remaining  68*4  per  cent,  is  dissipated  in  the  brake 
shoes. 

It  will  be  observed  that,  although  the  schedule  speed  is  fairly  high 

*  Obtained  from  equation  ( 10).     See  p.  22. 

t  The  energy  expended  against  train  resistance  over  a  distance  D*  is  approxi- 
mately 2  D'/D  watt-hours  per  ton  mile  for  each  lb.  per  ton  of  train  resistance,  D 
being  the  total  distance  of  the  run.  'In  the  present  case  the  average  resistance 
between  16*8  ml.p.h.  and  26*1  ml.p.h.  is  6*6  lb.  per  ton.  Hence,  since  the  distance 
run  during  starting  is  170  ft.,  and  the  total  distance  up  to  the  point  of  cut-off  is 
875  ft.,  we  have : — energy  expended  against  train  resistance  (while  power  is  on) 

o     Q      170   ^„     ^^    (876-170) 
^^^^^2560"^^^^-^^       2560 
=4-7  watt-hours  per  ton  mile. 

{  This  value  is  obtained  as  follows  :  Assuming  a  5  per  cent,  voltage  drop  in  each 
motor  and  a  constant  supply  voltage  of  600  volts,  the  times  on  the  series  and 
parallel  notches  are,  respectively,  6-58  and  7-32  seconds.  The  mean  voltage  drop 
m  the  rheostats  during  series  notching  is  [^  -{  600(  1  -  2  x  0-05)  }  =]  270  volts,  while  the 
value  corresponding  to  the  parallel  notches  is  150  volts.     Hence  the  energy  dissi- 

*j-    *u     u     ^*/            '     t       .      ,.  /225x270x6-68  +  2x226x  160x7-32     \ 
pated  m  the  rheostats  (per  pair  of  motors)  isC ^aan ^  J 

248  X  4x  5280 
248  watt-hours,  which  corresponds  to — tttz — srsTr-  =10-6  watt-hours  per  ton  mile. 

^  195  x2560  '^ 

If  the  internal  resistance  of  the  motors  is  neglected,  the  loss  in  the  rheostats  will  be 
given  by  ^  (kinetic  energy  of  train  at  end  of  initial  accelerating  period  +  work  done 
against  train  resistance).     Applying  this  rule  to  the  above  example,  we  have  : 

X,.     *.                      t^     '       ♦lAQ       1     u      0'0283x(16-8)«x  214-6x5280     ,„  , 
Kmetic  energy  of  tram  at   16-8  ml.p.h.  = ' —  =18-1 

watt-hours  per  ton  mile. 

170 
Work  done  against  train  resistance  =  2  x8x  oeq/\  =  3'36  watt-hours  per  ton  mile. 

Therefore  the  approximate  loss  in  rheostats  =}(  18*1 +3-36)  =  10-73  watt-hours 
per  ton  mile. 
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for  such  a  short  run,  the  energy  consumption  is  not  excessive.  This 
result  is  due  to  the  adoption  of  a  moderately  high  acceleration  and 
retardation,  by  which  means  a  fairly  long  coasting  period  is  obtained, 
e,g,  the.  duration  of  coasting  period  being  48-5  per  cent,  of  the  running 
period. 

The  effect  of  the  acceleration  and  the  rate  of  braking  on  the 

energy  consunption  has  been  considered  from  a  general  point  of  view 
in  Chapter  III.  We  will  investigate  the  effect  of,  say,  a  17-5  per  cent, 
reduction  in  the  initial  acceleration  for  the  above  service,  the  schedule 
speed,  rate  of  braking,  and  other  conditions  being  the  same. 

The  mean  tractive-effort  per  motor  to  give  an  acceleration 
of  I'O  ml.p.h.p.s.  (allowing  8  lb.  per  ton  for  train  resistance)  is 
(1-Ox  102x26-8+8xix  195=)  2928  lb.,  which  corresponds  to  a  current 
of  196  amperes.  The  speed  of  the  train,  corresponding  to  this  current 
and  normal  voltage,  is  17-6  ml.p.h.    Hence  the  duration  of  the  initial 

17*6 
accelerating  period  =  -r-^  « 17*6  seconds. 

The  average  energy  input  (per  motor)  during  the  initial  accelerat- 
ing period=i(l95x  600x^^+2  x  195x600  x^-^)  Xg~g=429  watt- 
hours.  By  calculating  the  speed-time  curve  in  the  manner  indicated 
above,  we  find  that  power  must  be  cut  off  at  41  seconds  when  the  speed 
is  26*8  ml.p.h.,  while  the  brakes  must  be  applied  at  77*5  seconds  when 
the  speed  is  23  ml.p.h.  The  energy  input  (per  motor)  for  the  whole  run 
is  840  watt-hours,  or  7  per  cent,  greater  than  that  for  the  higher  accelera- 
tion. The  duration  of  the  coasting  period  in  th^  present  instance  is 
41  per  cent,  of  the  running  period. 

The  energy  account  for  this  run  is  as  follows  : 

Energy  dissipated  in  the  brake  shoes  .  =33*9  watt-hours  per  ton  mile. 

Energy  expended  against  train  resist- 
ance (while  power  is  on)       .  =6-8  watt-hours  per  ton  mile. 

Energy  expended  against  (apparent) 

train  resistance  during  coasting    .  =12-1  watt-hours  per  ton  mile. 

Losses  in  starting  rheostats         .  =11*5  watt-hours  per  ton  mile. 

Losses  in  motors  and  gearing  .  =  6-8  watt-hours  per  ton  mile. 

The  lower  acceleration,  however,  will  result  in  a  lower  maximum  out- 
put per  motor  and  a  lower  maximum  load  on  the  sub-station.    Thus,  in 

the  first  case,  the  maximum  output  per  motor=3500x-^  Xooaaa=1^ 

H.P. ;  while,  in  the  second  case,  this  becomes  2928  x -stt  Xoo7^}^=  137*5 
H.P.  Similarly  the  maximum  input  to  the  train,  in  the  first  case,  is 
( l7S)0 ^  )  ^^^  ^^"  ^^^^^'  ^^  ^^®  second  case,  the  maximum  input 

is  ( TTjjrjr =  j  936  kw.,  which  is  13-4  per  cent,  lower  than  the 

former. 
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It  will  be  interesting  to  ascertain  the  difference  in  the  heating*  of 
the  motors  in  the  two  cases.  Although  the  heating  is  due  to  core^ric- 
tion,  and  PR  losses,  we  shall  only  consider  the  PR  losses,  since  the  other 
losses  will  not  differ  materially  in  the  two  cases.  Hence  the  treating 
may  be  considered  as  proportional  to  the  root-mean-square  (R.M.S.) 
current  for  the  cycle  (i.e.  from  start  to  start). 

The  current-time  curves  (for  one  motor)  are  given  in  Figs.  361, 
362,  together  with  the  kw.-time  curves.  By  converting  the  current- 
time  curve  into  a  (current)^-time  curve,  and  integrating  the  latter 
over  the  period  from  start  to  start,  we  can  obtain  the  R.M.S.  value 
of   the   current   for   the   cycle.     Thus,   for   the   first   run,   the  mean 

991850 
square  of  the  current,  over  the  period  from  start  to  start,  =    .^^ 

=9100.    Therefore  the  R.M.S.  current  =  95-4  amperes. 

For  the  second  run,  the  mean  square  of  the  current,  over  the  period 

944600 
from  start  to  start,  =    .^^    =8670.      Therefore  the  R.M.S.  current 

=93-1  amperes. 

The  heating  of  the  motors  will,  therefore,  be  only  slightly  reduced 
by  adopting  the  lower  acceleration,  and  practically  the  same  size  of 
motor  will  be  required  iji  each  case. 

The  comparisons  between  the  two  runs  may  be  summarised  thus  : 

Initial  acceleration  (ml.p.h.p.s.) 

Rate  of  braking  (ml.p.h.p.s.). 

Initial  accelerating  current  per  motor  (amp.) 

R.M.S.  current  per  motor  (amp.)    . 

Specific  energy  consumption  (wh./t.ml.)  . 

Total  energy  consumption  (kw.h.) . 

Maximum  input  from  conductor  rails  (kw.) 

Average  input  from  conductor  rails  (kw.) 

Maximum  output  from  motors  (H.P.) 

Maximum  speed  (ml.p.h.) 

Speed  at  commencement  of  braking  (ml.p.h.) 

Time  from  start  to  point  of  cut-ofiF  (sec.) 

Duration  of  coasting  period  (sec.)  . 

Duration  of  braking  period  (sec.)    . 

Energy  utilised  (wh./t.ml.)     . 

Energy  dissipated  in  brakes  (wh./t.ml.)  . 

Energy  dissipated  in  starting  rheostats  (wh./t.ml.) 

Energy  dissipated  in  motors  and  gears  (wh./t.ml.) 

It  is  apparent  that,  from  the  energy  point  of  view,  the  adoption  of 
the  higher  acceleration  has  considerable  advantages.  The  only  dis- 
advantages are  :  (1)  a  higher  peak  load  on  the  sub-stations,  (2)  a  slightly 
increased  maintenance  on  the  rolling  stock  and  equipment.  Of  course, 
if  the  acceleration  were  increased  to,  say,  1-5  ml.p.h.p.s.,  larger  equip- 
ments would  be  necessary,  and  in  this  case  it  is  quite  possible  that, 
although  the  specific  energy  consumption  would  be  reduced,  the  total 
energy  consumption  may  be  increased.  Moreover,  this  high  acceleration 
would  increase  considerably  the  peak  load  on  the  sub-stations,  thereby 
necessitating  more  expensive  plant  and  larger  feeders. 
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The  inflnence  of  the  rate  of  braking  on  the  energy  consumption 

is  sho\^Ti  by  the  following  figures,  which  have  been  calculated  for  the  above 
train.  The  initial  acceleration  has  been  chosen  at  1-21  ml.p.h.p.s., 
so  that  the  results  can  readily  be  compared  mth  those  obtained  pre- 
viously, and  which  are  given  below  for  comparison. 

Average  rate  of  braking  (ml.p.h.p.s.).                            2*0  2-76      1'6 

Initial  acceleration  (ml.p.h.p.s.)  .                   1-21  1*21      1'21 

Time  at  which  power  is  cut  off  (sec.) .                   .       36  33  43 

Time  at  which  brakes  are  applied  (sec.)  .                 78-2  81 'G  69-5 

Maximum  speed  (ml.p.h.)          .         .                          26-1  25-6  27-6 

Speed  at  commencement  of  braking  (ml.p.h.)      .       21-6  20-3  24*6  j 

Duration  of  coasting  period  (sec.)       .  .         .43-2  48-6  26-6 

Duration  of  braking  period  (sec.)                           .       10-8  7-4  19*6 

Specific  energy  consumption  (wh./t.ml.)  .         .       66-4  64  75-3 

Energy  dissipated  in  brakes  (wh./t.ml.)                .       29-9  26-4  38-5 


Fio.  36].  Fio.  362. 

Current  and  Power  Curves  for  176-ton  Motor-coach  Train. 

Thus,  considering  the  normal  rate  of  braking  to  be  2-0  ml.p.h.p.s., 
a  reduction  of  25  per  cent,  in  the  rate  of  braking  increases  the  energy 
consumption  by  13  per  cent. ;  while,  if  the  rate  of  braking  be  increased 
37-5  per  cent.,  the  energy  consumption  will  only  be  reduced  by  4  per 
cent. 

The  relation  between  the  rate  of  braking  and  the  energy  consumption 
is  shown  better  by  the  curve  in  Fig.  363,  which  is  plotted  from  the  above 
results.  It  \s  apparent,  therefore,  that,  for  the  above  service  very  little 
advantage  is  gained  by  the  adoption  of  a  braking  rate  above  2*0  ml.p.h.p.s. 

The  inflnence  of  the  length  of  the  run  on  the  energy  consumption 

(when  the  schedule  speed  is  constant)  is  illustrated  in  Fig.  364,*  which 
is  plotted  from  test  results  for  a  number  of  runs  with  175-ton  motor- 
coach  trains.     As  the  runs  were  all  made  with  the  same  driver,  the  effect 


♦  From  a  paper  by  Mr.  Roprer  T.  Smith  on  "  Some  Railway  Conditions  Govern- 
ing Electrification  "  {Journal  of  the  Institution  of  Electrical  Engineers,  vol.  62,  p.  293). 
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of  the  personal  element  on  the  performance  will  be  practically  the  same 
for  each  run. 

Effect  of  Oear  Ratio  and  Method  of  Control  on  EnerjSfy  Oon- 

snmption. — Since  the  energy  consumption  of  a  train  operating  to  a 
given  schedule  is  influenced  by  the  duration  of  the  coasting  period,  it 
is  clear  that  any  conditions  of  operation  which  will  increase  the  coast- 
ing period  will  result  in  reduced  energy  consumption.*  When  the 
length  of  the  run,  the  schedule  speed,  and  the  rate  of  braking  are  fixed, 
the  coasting  period  will  be  affected  only  by  (1)  the  initial  acceleration 
and  (2)  the  free-running  speed.  With  short  runs  the  initial  accelera- 
tion will  have  the  greater  influence  on  the  energy  consumption,  but  with 
longer  runs  the  energy  consumption  will  be  largely  dependent  on  the 
free-running  speed. 

Now,  if  with  a  given  equipment  the  gear-ratio  be  changed,  the  initial 
acceleration  and  the  free-running  speed  will  be  changed ;  consequently 
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Fio.  363. — Effect  of  Rate  of  Braking  on 
Specific  Energy  Consumption  (2560 
ft.  run  at  16  ml.p.h.  schedule  speed  ; 
6U2celeration=l'21  ml.p.h.p.s.). 


Fio.  364. — Influence  of  Length  of  Run  on 
Specific  Energy  Consumption  (weight 
of  train  175  tons;  schedule  speed  17 
ml.p.h.). 


the  saving  resulting  from,  say,  a  higher  initial  acceleration  will  be  offset 
by  the  longer  duration  of  the  speed-curve-running  period,  due  to  the 
lower  free-running  speed  (assuming  the  schedule  speed  to  be  unaffected 
by  the  change).  Whether  or  not  the  energy  consumption  will  be  affected 
by  the  change  of  gearing  will  depend  on  the  relative  values  of  the  energy 
consumption  for  the  accelerating  and  speed-curve-running  periods  in 
each  case,  and  a  definite  decision  can  only  be  arrived  at  by  working 
through  the  speed-time  curves  and  calculating  the  energy  consumption 
in  the  usual  manner. 

In  order  to  illustrate  this  point  we  show,  in  Pig.  367,  speed-time 
curves — for  the  above  176- ton  motor-coach  train — corresponding  to 
gear  ratios  of  2*5  : 1,  3*5  :  1,  and  4*5  :  1,  the  schedule  speed,  distance 
of  run,  rate  of  braking,  and  accelerating  current  being  the  same  in  each 
case.  The  energy  consumption  has  also  been  calculated,  and  the  values 
are  given  in  Table  XVII  (p.  446). 

Before  giving  these  results  it  will  be  desirable  to  indicate  the  modi- 
fications required  to  the  above  data  to  allow  for  the  change  of  gear  ratio. 

*  This  statement  assumes  that  the  increased  coasting  is  obtained  by  altering 
either  the  initial  acceleration,  or  the  braking,  or  both  ;  the  acceleration  on  the 
speed-curve  being  unaltered.  In  other  words,  the  gear  ratio  is  assumed  to  remain 
constant. 
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The  characteristic  curves  of  Pig.  32  (p.  49)  are  modified  in  the 
following  manner.  Considering  the  speed  curve,  if  V  denotes  the 
(train)  speed  corresponding  to  a  current  /  and  gear  ratio  y,  then  the 
speed  Fj  corresponding  to  a  gear  ratio  y^  and  the  same  current  is  given 
by  Fi=Fr/yi. 

The  tractive-effort  curve  is  modified  in  a  similar  manner,  except  that 
the  ratio  y/yi  is  inverted.  Thus,  if  F,  F^  denote  the  tractive-efforts 
corresponding  to  a  given  current,  then  F-^  =Fy^/y* 

The  modified  values  of  the  speed  and  tractive-effort  are  as  follows : — 

Current  (amperes)  .        226       175       125       100        75      60 

Speed,   2-6  :  1  gear;    36-in. 

wheels  (ml.p.h.)  .     23-5      25-6      29-3       32-6    381    61-4 

Speed,    4*5  :  1  gear;  36-in. 

wheels  (ml.p.h.)  .     13-07    14-26    16-26        18    21-2    28-6 

Tractive-effort,  2-5:1  gear; 

36-in.  wheels  (lb.)     .  2600     1800     1130      806      500     214 

Tractive-effort,  4-5  : 1  gear ; 

36-in.  wheels  (lb.)     .        .  ''   4600     3240     2030     1406      900     385 

The  change  in  the  gear  ratio  will  affect  the  apparent  train  resistance 
during  coasting.  The  values  on  p.  428  and  Fig.  351  must  therefore  be 
modified  to  correspond  to  the  change  in  the  gearing,  the  modification 
being  effected  by  the  method  given  in  the  footnote  on  p.  428.  The 
results  of  these  modifications  are  as  follows  : — 

Speed  of  train  (ml.p.h.) .      10      16         20         25         30    ]    35       40 

Apparent  train  resist- 
ance for  gear  ratio 
2-6:1  (lb.  per  ton)  .     7-6      8-16      913    10-25    11-45   i2-7    14-1 

Apparent  train  resist- 
ance for  gear  ratio 
4-6:1  (lb.  per  ton)  . 

The  effective  weight  of  the  train  will  also  be  affected  by  the  chan^ 
in  the  gear  ratio  due  to  the  change  in  the  ratio  of  the  speed  of  the  tram 
to  the  speed  of  the  armatures.  By  the  application  of  equation  (7),  p.  19, 
we  obtain  the  effective  weight,  corresponding  to  a  gear  ratio  of  2-5 :  1, 
as  210-6  tons,  while  the  effective  weight  corresponding  to  a  gear  ratio 
of  4-5  :  1  is  217  tons. 

Hence,  for  an  accelerating  current  of  226  amperes  per  motor,  the 
initial  acceleration,  with  a  gear  ratio  of  2*5  :  1,  is 

/2500-;^x  195x8    2305    \  ^  ^^     ,     , 

(  fx-210^6^0T=2685=)^-«^^^P-^'P^^^ 

while,  with  a  gear  ratio  of  4-6  :  1,  the  initial  acceleration,  with  the  same 
current  per  motor,  is 

/4600-4X  196x8    4305     \  ,  -^     ,     , 
(-T^2l7xl02     =2770=)^-^^^^P-'^P-«- 
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*  This  assumes  that  the  gear  and  axle-friction  losses  are  the  same  in  each  case, 
which  assumption  may  be  considered  to  be  approximately  correct,  since  although 
the  speeds  of  the  axle  and  searing  (corresponding  to  a  given  speed  of  the  armature) 
are  increased  with  a  reduction  in  the  gear  ratio,  the  tooth  and  bearing  pressures  are 
reduced. 
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TABLE   XVII 

SUMMABY    OF  THE   RbSULTS   OF   CALCULATIONS   FOB   A    176-TON    MOTOB- 
COACH   TbAIN   OPEBATING    AT    A    SCHEDULE    SpEED    OF    16   ML.P.H. 

ON  A  Run  of  2660  ft.  on  Level  Tback,  with  Stops  of  20  Seconds 

DUBATION. 

Gear  ratio 

Initial  accelerating  current  per  motor  (amp.) 
Rate  of  braking  (ml.p.h.p.s.) 
Initial  acceleration  (ml.p.h.p.s.)  . 
Specific  energy  consumption  (wh./t.ml.) 
Maximum  input  from  conductor  rails  (kw. )   . 
Average  input  from  conductor  rails  (kw.) 
Maximum  output  from  motors  (H.P.) . 
Free-running  speed  of  train  (ml.p.h.)  . 
Maximum  speed  of  train  during  run  tml.p.h.) 
Speed  of  train  when  rheostats  are  cut  out 

(ml.p.h.)    .         .         . 
Speed  of  train  at  commencement  of  braking 

(ml.p.h.)    ...... 

Mean  retardation  during  coasting  (ml.p.h.p.s.) 

Time  from  start  to  point  of  cut  oflf  (sec.) 

Duration  of  coasting  period  (sec.) 

Duration  of  braking  period  (sec.) 

Energy  utilised  (wh./t.ml.) 

Energy  dissipated  in  brakes  (wh./t.ml.) 

Energy    dissipated    in    starting    rheostats 

(wh./t.ml.)  ..... 

Energy    dissipated    in    motors    and    gears 

(wh./t.ml.)  ..... 

R.M.S.  current  per  motor  (amp.) 
Peripheral  speed  of  gearing  at  free-running 

speed  (fl./min.)  ..... 
Diameter  of  pitch  circle  of  gear  wheel  (in.)   . 

The  relation  between  the  energy  consumption  and  the  gear 

ratio  for  the  above  conditions  of  operation  is  shown  in  Fig.  366.  It 
will  be  observed  that  for  gear  ratios  below  3-0  the  energy  consumption 
increases  rapidly  as  the  gear  ratio  is  reduced,  while  for  gear  ratios  be- 
tween 3'76  and  4*6  the  energy  consumption  is  not  materially  affected 
by  a  change  in  the  gear  ratio.  -  But  if  the  gear  ratio  is  increased  above 
4-6 :  1,  the  energy  consumption  will  increase  rapidly,  reaching  78-6 
watt-hours  per  ton  mile  for  a  gear  ratio  of  6-3  : 1,  which  is  the  baghest 
gear  ratio  with  which  the  service  can  be  run.  In  this  case  power  must 
be  kept  on  for  76  seconds,  and  the  brakes  must  be  applied  immediately 
after  power  is  cut  off. 

In  considering  the  effect  of  the  gear  ratio  on  the  energy  consumption 
we  have  neglected  the  mechanical  limitations,  such  as  (1)  the  clearance 
between  the  lowest  point  of  the  gear  case  and  the  track,  and  (2)  the 
peripheral  speed  of  the  gearing.  These  limitations  are  discussed  in 
detail  in  Chapter  XVII  (sec    p.   363).     It  is  apparent,  therefore,  that 
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in  the  selection  of  a  suitable  gear  ratio  for  a  given  equipment,  the 
mechanical  limitations  must  be  carefully  considered  as  well  as  the 
energy  consumption. 

The  comparison  between  the  above  runs  is  greatly  facilitated  by 
plotting  the  values  of  the  energy  expended  in  the  various  parts  of  the 
equipment  against  the  gear  ratio,  as  shown  in  Fig.  366.  We  have  in 
this  diagram  (and  also  in  Fig.  367)  an  explanation  of  the  rapid  rise  of 
the  energy  consumption  when  the  gear  ratio  is  increased  above  4»5  :  1 ; 
for,  although  the  energy  dissipated  in  the  rheostats  is  reduced,  the 
energy  dissipated  in  the  motors  and  gearing,  as  well  as  in  the  brakes,  is 
increased. 

The  increased  losses  in  the  motors  are  principally  friction  losses,  • 
consequent  upon  the  high  armature  speed.    For  instance,  in  the  par- 
ticular motor  for  which  the  characteristic  curves  are  given  in  Fig.  32, 


ao 

V 


I 


eo 


"-"■■i"^  ■■"•^■^  ^^^^^  ^^H^^  ^^^^^  ^^^^^  ■ 

a  3  4.  5 


Gsar   /fab/o 
Fig.  365. 


Gear     HAtio 
Fio.  366. 


Effect  of  Gear  Ratio  on  Energy  Consumption  of  175-ton  Motor-coach  Train 

(2560  ft.  run  at  16  ml.p.h.  schedule  speed). 

A.  Energy  dLasipated  in  brake  shoes. 

B.  Energy  expended  In  oveijcoming  train  resistance. 

C.  Energy  dissipated  in  rheostats. 

D.  Energy  dissipated  In  motors  and  gearing. 

the  friction  (and  gear)  losses  at  an  armature  speed  of  1200  r.p.m. 
(corresponding  to  a  train  speed  of  26  ml.p.h.  with  a  gear  ratio  of  5-3  :  1) 
are  approximately  20  per  cent,  of  the  input  to  the  motor.  With  a  high 
gear  ratio  a  large  portion  of  the  run  must  be  made  at  speeds  in  the 
neighbourhood  of  free-running,  and  as  this  condition  usually  corre- 
sponds to  a  high  armature  speed,  the  average  equipment  efficiency  during 
this  period  is  low.  This  point  is  clearly  shown  by  the  curves  of  Fig. 
367,  which  refer  to  the  above  runs,  with  an  additional  curve  for  the 
maximum  gear  ratio  (6'3  :  1)  added.*  'Comparing  the  runs  with  gear 
ratios  of  3*5  : 1  and  5-3  :  1,  we  find  that  the  mean  efficiencies  during  the 
periods  of  speed-curve  running  are  86-8  per  cent,  and  73-4  per  cent, 
respectively. 

The  curves  of  Fig.  367  also  indicate  the  ideal  conditions  for 
obtaining  a  low  energy  consumption  with  the  standard  method  of  series- 

♦  The  points  for  the  portion  of  the  efficiency  curve  corresponding  to  speed- 
curve  running  are  obtained  directly  from  the  motor  efficiency  curve  (Fig.  32,  p.  49), 
while  the  points  for  the  portion  corresponding  to  the  initial  acceleration  are  obtained 
from  the  ratio  of  the  output  to  the  input,  the  output  being  (kinetic  energy  of  train 
+work  done  against  train  resistance). 
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parallel  control.  Thus,  suppose  it  were  possible  to  adopt  the  5-3 : 1 
gear  for  the  initial  accelerating  period,  and  to  change  this  gear  to  3-5 : 1 
at  a  speed  of  17-25  ml.p.h.  (corresponding  to  the  intersection  of  the 
speed-time  curves  for  these  gear  ratios).  We  should  then  be  able  to 
cut  off  power  earlier  (e,g,  at  30  seconds),  to  coast  longer,  and  to  apply 
the  brakes  at  a  lower  speed  than  if  we  made  the  run  with  the  3*5 : 1 
gear  throughout.  The  specific  energy  consumption  for  this  method  of 
operation  reduces  to  57-6  watt-hours  per  ton  mile,  of  which  27  watt- 
hours  per  ton  mile  are  expended  in  the  brakes. 

Of  course  such  a  method  of  operation  is  quite  impracticable,  but 


Fig.  367. — Speed-time  and  Equipment-eflBciency  Curves  for  Motorcoach 
Train  (2560  ft.  run  at  16  ml.p.h.  schedule  speed).  Note. — ^The 
numbers  placed  against  the  curves  denote  the  gear  ratio.  The  points 
marked  •  indicate  the  conunencement  of  the  speed-curve-nmning 
periods. 

with  motors  designed  for  "  tap-field  "  control  we  can  obtain  conditions 
somewhat  similar  to  the  above.  Thus,  at  starting,  the  full  field  winding 
would  be  used,  thereby  giving  a  low  speed  at  which  the  rheostats  are  cut 
out,  while  for  the  speed-curve-running  period  the  field  tappings  would 
be  used,  thereby  enabling  this  portion  of  the  run  to  be  made  at  a 
moderately  high  speed,  so  as  to  obtain  a  long  coasting  period.  The 
effect  of  this  method  of  control  on  the  energy  consumption  is  considered 
below. 

Energy   Consumption   of  Equipments  Operating   on  yarions 

services. — ^In  the  above  discussion  we  have  considered  conditions  of 
service  which  are  typical  for  city  lines.  Now,  with  an  extensive  system 
of  electrification — ^involving  the  electrification  of  city,  suburban,  and 
interurban  lines — the  traffic  department  would  require  the  suburban  and 
interurban  trains  to  be  scheduled  for  a  faster  service  than  the  city 
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trains.  Hence,  if  the  same  trains  are  operated  over  both  city  and 
interurban  routes,  the  gear  ratio  cannot  be  selected  to  give  the  most 
economical  operation  on  each  system,  because,  as  we  have  shown  above, 
a  moderately  high  gear  ratio  is  required  for  city  service,  and  this  gear 
ratio  would  not  give  the  required  schedule  speed  on  the  interurban 
service.  For  instance,  suppose  the  average  run  of  6000  ft.  is  to  be 
made  at  a  schedule  speed  of  24-5  ml.p.h.  with  stops  of  20  seconds' 
duration.    The  running  time  is  therefore  119  seconds.    A  reference  to 
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Fio.  368. — Speed,  Current,  and  Eflficiency  Curves  for  Motor -coach  Train 

with  Field-control  Equipments. 
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p.  431  will  show  that  the  above  equipment,  with  a  gear  ratio  of  3-6  :  1 
and  36-in.  wheels,  is  quite  incapable  of  operating  to  this  schedule.  It 
would  therefore  be  necessary  to  adopt  a  lower  gear  ratio  (of  about 
2-0  : 1  to  2'5  :  1) ;  and,  in  order  to  avoid  an  excessive  gear  velocity  at 
free-running  speed  (which  in  this  case  would  be  of  the  order  of  46  to 
50  ml.p.h.),  the  diameter  of  the  driving  wheels  would  probably  be  in- 
creased to  43*5  in.  A  reference  to  Fig.  366  will  show  that  such  an  equip- 
ment would  have  a  high  energy  consumption  when  operating  on  the 

city  service. 

Moreover,  if  a  compromise  in  the  gear  ratio  be  adopted,  the  energy 
consumption  for  the  suburban  and  interurban  services  will  be  higher 
than  that  of  a  train  equipped  with  the  correct  gear  ratio  for  these  services. 

2f 
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These  disadvantages  are  to  some  extent  minimised  by  the  adoption 
of  {eqnipments  with  tap-fleld  control.  For  example,  the  motors  may 
be  provided  with  two  tappings  on  each  field  spool,  so  that  three  field 
strengths  could  be  obtained  with  a  given  value  of  the  armature  current. 
The  full  field  \*inding  would  be  used  for  the  initial  acceleration  in  each 
of  the  above  services,  while  the  field  tappings  would  be  used  for  ob- 
taining the  higher  speeds  required  for  the  suburban  and  interurban 
routes.  The  gear  ratio  would  be  selected  to  give  a  moderately  high 
acceleration,  so  that  the  train  could  be  operated  economically  in  city 
service. 

Field  control,  therefore,  considerably  extends  the  flexibility  of  the  equip- 
ment, and,  with  a  suitable  selection  of  the  motor,  one  class  of  equipment 
will  be  capable  of  operating  on  widely  different  services  without  the  energy 
consumption,  on  any  of  the  services,  being  excessive.  This  feature  of  field- 
control  equipments  can  be  better  illustrated  by  considering  a  specific 
example. 

Thus,  suppose  we  have  a  train  consisting  of  two  36-ton  motor-coaches 
with  the  equipments  arranged  for  field  control.  Each  motor-coach  is 
equipped  with  four  75-H.P.,  500- volt,  three-speed  series  motors,  of  which 
the  characteristic  curves  are  shown  in  Fig.  31  (p.  48).  The  coach- 
bodies  are  of  the  same  dimensions  as  those  in  the  above  examples. 
The  wheels  are*  43-5  in.  in  diameter,  and  the  gear  ratio  is  3-9  : 1.  The 
weight  of  the  train  loaded  with  passengers  is  78-75  tons,  and  the  ejGFective 
weight  is  86-5  tons. 

Let  us  calculate  the  energy  consumption  of  this  train  when  operating 
on  level  track  to  various  schedules,  assuming  the  retardation  during 
braking  to  be  2  0  ml.p.h.p.s.  in  all  cases. 

The  train  resistance  is  given  by  the  equation  r  =  4-1+0 -0557 
+0 -00427^,  and,  by  making  a  suitable  allowance  for  the  motor  and 
gear  friction  during  coasting,  we  obtain  the  following  values  for  the 
apparent  train  resistance  : — 

Speed  of  train  (ml.p.h.) 
Train  resistance  (Ib./ton) 
Apparent  train  resistance  (Ib./ton) 

The  speed-current  and  torque-current  curves  of  Fig.  31  are  now 
converted  into  curves  of  speed  and  accelerating  tractive-ejGFort,  from 
which  we  obtain  the  following  values  for  the  free-nmning  speeds  of  the 
train  :  33-5  ml.p.h.  with  the  full  field  winding,  42-6  ml.p.h.  with  normal 
field  winding,  47-5  ml.p.h.  with  the  minimum  field  winding.  [Notb. — 
The  ratio  of  the  field  turns  for  the  full,  normal,  and  minimum  field 
windings  are  respectively  1-0,  0-667,  0-5.] 

First,  consider  the  train  to  operate  on  a  service  with  2-06  stops  per 
mile,  at  a  schedule  speed  of  16  ml.p.h.,  the  duration  of  each  stop  being 
20  seconds.  The  distance  between  the  stops  is  2560  ft.,  and  the  running 
time  is  89  seconds. 

For  this  run  the  motors  will  be  operated  with  the  full  field  winding 
throughout.  By  calculating  the  speed-time  curve  (see  Fig.  368)  we 
find  that  the  initial  acceleration  (corresponding  to  a  mean  accelerating 
current  of  130  amperes  per  motor)  is  1-35  ml.p.h.p.s.  and  occupies  12-6 
seconds,  while  the  power  is  cut  off  at  30-1  seconds  from  the  start — 
when  the  speed  is  26  ml.p.h.  The  train  coasts  for  48-4  seconds,  and 
the  brakes  are  applied  when  the  speed  is  21  ml.p.h.    The  specific  energy 
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consumption  is  68-7  watt-hours  per  ton  mile,  while  the  total  energy 
consumption  is  5-4  kw.  hours  per  train  mile.  The  R.M.S.  current  per 
motor  for  the  rim  is  51-7  amperes.  The  various  steps  in  the  calculation 
are  given  in  Table  XVIII. 

TABLE   XVIII 

Calculation  of  Energy  Consumption  for  Two-car  Train.  Lbngth 
OF  Run  =  2560  ft.  Schbdule  Speed  =  16  m.p.h.  Duration  of 
Stop  =  20  sec.    Braking  Retardation,  2*0  m.p.h.p.s. 
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[Note. — Pull  field  throughout.] 

327 '4    5280 
Energy  consuniption=8x-YT?TrjrX— —  =6-4  kw.  hours  per  train  mUe. 

Specific  energy  consumption  =  — ^^  -  —  =  68-7  watt-hours  per  ton  mile. 

Second,  consider  the  train  to  operate  on  a  service  in  which  the  average 
run  of  3900  ft.  has  to  be  made  at  a  schedule  speed  of  20-6  ml.p.h.,  with 
stops  of  20  seconds'  duration.    The  running  time  is  therefore  109  seconds. 

For  this  run  the  initial  acceleration  is  made  with  the  full  field  winding, 
and  the  acceleration  on  the  speed-curve  is  made  with  the  normal  field 
winding.  When  the  transition  from  field  to  normal  field  is  made,  a 
sudden  increase  in  the  current  will  occur.  This  increase  in  the  current 
can  readily  be  obtained  from  the  characteristic  curves  of  the  motor 
(Fig.  31).  Thus,  assuming  the  transition  to  be  made  at  a  speed  of 
17  ml.p.h.,  we  obtain  the  currents  from  the  speed  curves  (of  Fig.  31) 
corresponding  to  this  speed,  which  currents  are  130  amperes  for  full 
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field  and  188  amperes  for  normal  field.  'From  this  point  the  calculation 
of  the  speed-time  curve  and  energy  consumption  is  made  in  the  usual 
manner,  the  various  steps  in  the  process  being  given  in  Table  XIX. 

TABLE   XIX 

Calculation  of  Energy  Consumption  for  Two-car  Train.  Length 
OF  Run  =  3900  ft.  Schedule  Speed  =  20*6  ml.p.h.  Duration  of 
Stop  =  20  sec.    Braking  Retardation  =  2-0  ml.p.h.p.s. 
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[Note.— Full  field,  0-17  ml.p.h.  ;  normal  field,  17-32-5  ml.p.h.] 

„  ,.  8x499-5    5280     .  .,  ,       ,  .     .        ., 

Energy  consumption  = — ^^^>     ^  qoTIa^^'^^  ^^*  '^ours  per  train  mile. 

Specific  energy  consumption  = — tq-^^ —  =  68*7  watt-hours  per  ton  mile. 

For  the  run  under  consideration,  power  is  cut  ofiF  at  44*6  seconds 
(when  the  speed  of  the  train  is  32*5  ml.p.h.),  and  the  brakes  are  applied 
at  96*8  seconds  from  the  start  (when  the  speed  is  26-4  ml.p.h.).  The 
specific  energy  consumption  is  68-7  watt-hours  per  ton  mile,  the  total 
energy  consumption  is  6-41  kw.  hours  per  train  mile,  and  the  R.M.S. 
current  is  55*6  amperes. 

Third,  consider  the  train  to  operate  on  a  service  in  which  the  average 
run  of  5100  ft.  has  to  be  made  at  a  schedule  speed  of  24*1  ml.p.h.,  the 
duration  of  the  stops  being  20  seconds,  as  above.  The  running  time  is 
therefore  124  seconds. 
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In  this  case  the  speed-curve-running  period  is  made  with  the  minimum 
tap  of  the  field  winding  in  circu.t.  The  initial  acceleration  is  made 
with  the  full  field  winding,  the  mean  current  being  130  amperes.  The 
transition  to  the  normal  field  winding  is  made  at  a  speed  of  17  ml.p.h., 
while  the  transition  from  normal  to  minimum  field  is  made  at  a  speed 
of  19-5  ml.p.h. 

The  various  steps  in  the  calculation  of  the  speed-time  curve  and 
energy  consumption  are  given  in  Table  XX. 

TABLE  XX 

Calculation  of  Energy  Consumption  for  Two-car  Train.  Length 
OF  Run  =  5100  FT.  Schedule  Speed  =  24*1  ml.p.h.  Duration 
OF  Stop  =  20  sec.     Brakng  Retardation  =  20  ml.p.h.p.s. 
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For  the  run  under  consideration,  power  is  cut  off  at  60-7  seconds 
from  the  start  (when  the  speed  is  37-6  ml.p.h.),  while  the  brakes  are 
applied  at  108-5  seconds  from  the  start  (when  the  speed  is  31  ml.p.h.). 
The  specific  energy  consumption  is  72*6  watt-hours  per  ton  mile,  the 
total  energy  consumption  is  672  kw.  hours  per  train  mile,  and  the  R.M.S. 
current  is  60  amperes. 

The  speed-time  curves  for  the  above  runs  are  shown  in  Fig.  368, 
in  which  figure  are  also  shown  the  current  curves  and  the  equipment- 
efficiency  curves. 

The  equipment  is  also  capable  of  operating  other  fast  suburban 
services,  as  shown  below. 
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It  will  be  observed  that  in  all  the  above  cases  the  equipment  is  not 
taxed  to  the  limit  of  its  capacity,  and  ample  margin  is  allowed  for  making 
up  time  lost  by  slow-downs  or  signal  checks.  The  hardest  of  the  above 
schedules  is  the  run  of  6370  ft.  at  a  schedule  speed  of  26-5  ml.p.h.  Of 
course,  with  easier  schedules  the  specific  energy  consumption  would 
be  lower,  but  the  above  may  be  considered  as  representative  schedules 
for  electric  suburban  services. 


Part  III. — Energy  Consumption  (Alternating -Current 

Equipmbnts) 

The  calculation  of  energy  consumption  with  single-phase  alternating- 
current  equipments  is  more  complicated  than  the  aboVe  process,  since 
the  power-factor  has  to  be  taken  into  account.  Moreover,  the  current 
during  the  period  of  initial  acceleration  is  not  controlled  by  rheostats, 
but  by  the  application  of  definite  voltages  to  the  motor.  The  maximum 
variation  of  current  during  this  period  will,  therefore,  be  dependent 
upon  the  number  of  controller  notches.  With  motor-coach  equipments 
five  or  six  running  notches  are  usually  provided,  but  with  locomotive 
equipments  a  much  greater  number  (from  16  to  24)  must  be  provided 
to  enable  the  locomotive  to  accelerate  heavy  loads  without  slipping  the 
driving  wheels. 

Generally  the  method  of  procedure  will  follow  the  lines  indicated 
in  the  example  below,  but  in  some  cases  modifications  may  be  adopted 
to  simplify — and  to  shorten — the  calculations. 

Let  us  consider  the  motor-coach  trains  operating  on  the  South 
London  line  (Victoria  to  London  Bridge)  of  the  London,  Brighton  and 
South  Coast  Railway.     We  will  calculate  the  erergy  required  for  a  run 
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of  4600  ft.— on  level  and  straight  track — ^at  an  average  speed  of  24-6 
ml.p.h. 

Certain  data  *  of  the  trains  and  the  equipment  have  already  been 
given  in  Chapter  XVI,  while  the  characteristic  curves  of  the  motors 
are  given  in  Fig.  74  (p.  96).  A  reference  to  this  figure  will  show  that 
the  control  provides  for  five  running  notches. 

For  the  purpose  of  calculating  the  train  resistance,  we  have  assumed 
the  cross-section  of  the  coach  body  to  be  82*5  sq.  ft.  ;  the  total  cross- 
section  of  the  coach  body  and  motors  is  assumed  to  be  94  sq.  ft. ;  and 
the  coefficient  k,  in  equation  (34),  is  assumed  to  be  0*95.    The  two 


O  20  25 

Speed  .  ml.p.h. 

Fia.  369. — Curves  connecting  Speed  and  Accelerating  Tractive-effort 
per  Motor  for  Motor-coach  Train  with  Single- phase  (compensated 
repulsion)  Motors. 


motor-coaches  are  each  60  ft.  long,  while  the  two  trailers  are  each  54  ft. 
long.    The  total  seating  capacity  of  a  four-coach  train  is  284.     Allowing 
for  the  full  complement  of  passengers,  we  obtain — from  the  weights, 
given  on  p.  19 — ^the  total  weight  of  the  train  as  175  tons  and  the  effective 
weight  as  196  tons. 

Adopting  the  general  equation  (38)  for  the  train  resistance  of  motor- 
coach  trains,  we  obtain  for  the  above  four-coach  train  the  equation 
r=4-l+0065F+000272F2.  The  values  of  the  train  resistance  previ- 
ously given  on  p.  427  (and  in  Fig.  356)  can  therefore  be  used  in  the  present 

*  Complete  data  of  the  rolling  stock  and  equipment  are  given  by  Mr.  Philip 
Dawson  in  a  paper  entitled  "  The  Electrification  oi  a  Portion  of  the  Suburban  S^tem 
of  the  L.B.  &  S.C.  Ry."  {Minutes  of  Proceedings  of  the  Institution  of  Civil  Engineers, 
vol.  186,  p.  29).     See  also  Engineering,  vol.  93,  pp.  307,  648. 
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case.    The  apparent  train  resistance  during  coasting  has  been  assumed 
to  have  the  following  values  : — 


Speed  of  train  (ml.p.h.)      ...       10 
Apparent  train  resistance  (lb.  per  ton)        10 


20 
12-2 


30 
14-8 


40 
17-5 


The  speed  and  tractive-effort  curves  of  Pig.  74  must  now  be  con- 
verted into  curves  of  speed  and  accelerating  tractive-effort  as  shown  in 
Fig.  369. 

We  have  now  all  the  data  necessary  for  the  calculation  of  the  speed- 
time  curve  and  energy  consumption.    The  speed-time  curve  is  calcinated 


Fig.  370. — Speed-time  Curve  for  Motor-coach  Train  with  Single-phase 
Motors.  Note. — The  points  marked  o  indicate  a  change  of  con- 
troller notch  (4600  ft.  run  at  21-75  ml.p.h.  schedule  speed,  20- 
second  stops). 

by  the  above  methods,  except  that,  as  the  initial  acceleration  is  variable, 
we  must  apply  the  increment  process  to  this  period  as  well  as  to  the 
speed-curve-running  period.  The  calculations  for  the  energy  consump- 
tion are  carried  through  at  the  same  time  as  those  for  the  speed-time 
•curve.    Table  XXI  gives  the  various  steps  in  the  calculations. 

The  following  points  should  be  noted  :  (1)  In  starting  the  train,  the 
controller  is  held  on  the  first  notch  until  the  line  current  has  fallen  to 
a  certain  value,  when  a  change  is  made  to  the  second  notch.  The 
passage  to  the  other  notches  is  made  in  a  similar  manner.  (2)  The 
fifth  (or  last)  notch  is  only  used  on  long  runs. 

The  speed-time  and  distance-time  curves  are  given  in  Fig.  370,  while 
curves  of  current,  kw.,  power-factor,  and  efficiency  are  given  in  Fig.  371. 

The  energy  consumption  works  out  to  11*85  kw.  per  train  mile, 
and  the  specific  energy  consumption  is  67-4  watt-hours  per  ton  mile. 

Of  the  curves  shown  in  Fig.  371,  the  efficiency  curve  is  of  particular 
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interest.  This  curve  shows  clearly  that,  although  no  rheostats  are 
used  during  the  starting  period,  the  average  efficiency  is  fairly  low, 
while  the  average  efficiency  during  the  period  of  speed-curve-running 
is  below  80  per  cent.  The  low  efficiency  in  the  starting  period  is  due 
to  the  low  power-factor  and  the  relatively  large  losses  in  the  motors, 
and  this  point  is  frequently  ignored  in  comparisons  between  single- 
phase  and  continuous-current  equipments.  Thus,  comparing  the  effi- 
ciency curve  given  in  Fig.  371  with  that  given  in  Fig.  367  for  a  gear 


Fig.  371. — Current,  Power,  Efficiency,  and  Power-factor  Curves  for  Motor- 
coach  Train  with  Single-phase  Motors. 

ratio  of  3*6,  we  find  that,  for  the  former  case,  the  mean  efficiency  for 
the  first  12-6  seconds  is  47*3  per  cent.,  while,  in  the  latter  case,  the  mean 
efficiency  for  the  first  14  seconds  ($.c.  the  period  of  rheostatic  accelera- 
tion) is  52*6  per  cent. 

If  the  speed-time  curve  of  Fig.  370  be  compared  \^dth  that  in  Fig.  368, 

the  effect  of  the  sustained  acceleration,  in  Fig.  370,  will  be  apparent. 

This  sustained  acceleration  is  a  special  feature  of  single-phase  equip- 
ments, and  is  a  result  of  the  inherent  characteristics  of  the  motors  and 
the  method  of  voltage  control.  The  feature  is  also  possessed,  though 
not  to  the  same  degree,  by  continuous-current  equipments  with  field 
control  (as  will  be  apparent  from  an  examination  of  the  speed-time 
curves  of  Fig.  368). 
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♦  On  high-tension  side  of  transformer  (at  6000  volts). 


CHAPTER   XX 
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TRAMWAY  TRACK  CONSTRUCTION 

In  this  country  the  standard  practice  for  street  tramway  track  is  the 
use  of  grooved  girder  rails  laid  on  a  solid  foundation,  with  the  top  of  the 
rail  flush  with  the  road  surface.  Standard  railway  practice,  on  the 
contrary,  aims  at  a  resilient  track,  the  resiliency  being  obtained  by  sup- 
porting the  rails,  at  frequent 
intervals,  on  chairs,  and  fixing 
the  latter  to  wooden  sleepers 
on  a  ballasted  foundation. 
This  diflFerence  in  the  track 
construction  of  tramways  and 
railways  is  necessary  in  order 
that  the  tramway  track  may 
be  suitable  for  ordinary  vehic- 
ular traffic,  and  the  grooved 
girder  rail  allows  the  paving 
to  be  brought  up  close  to  the 
rail.* 

The  grooved  girder  rail 

is  standardised  in  nve  sections, 
varying  from  90  to  110  lb.  per 
yard  for  straight  track.  Table 
XXII  gives  the  principal  di- 
mensions of  these  sections, 
while  Fig.  372  shows  detail  di- 
mensions of  one  section,  t    The 

standard  width  of  groove 

for  straight   track  is    1|   in., 

while  for  curves  below  160  ft. 

radius  the  groove  is  widened 

to  1 J  in. 

The  lip  (or  check)  of  the 

rail  must  be  strong  enough  to 
support  vehicular  traffic,  and,  on  straight  track,  the  top  of  the  check 
is  below  the  tread  of  the  rail.  On  curves  it  is  desirable  to  increase  the 
height  and  strength  of  the  check  in  order  to  prevent  derailment  of  cars. 

*  In  tramways  (or  light  railways)  operating  over  a  private  right-of-way,  the  track 
is  generally  laid  with  sleepers  and  ballasted  in  the  same  manner  as  railway  track. 

t  See  Tramway  and  Railway  Worlds  vol.  36,  p.  126,  for  comparisons  between 
British  and  foreign  sections. 
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Fig.  372.— Dimensions  of  B.S.S.  No.  4  Tram- 
way Rail  and  Fish-plates.  Note. — Fish- 
plates are  2  ft.  long,  and  are  fastened 
with  six  bolts. 


TRAMWAY  TRACK  CONSTRUCTION 


461 


X 

PQ 


I 

CO 


-< 


V3 

O 
»-< 

Q 

< 

Q 

?;* 

<! 

eg 
o 

CO 

O 

CO 


«i« 

o 

.H»* 

HM 

HM 

H9I 

;         1- 

:     «> 

:     0 

:     ©        : 

w' 

""M 

C4 

e^ 

CO 

eo 

1^ 

a. 

• 

«.« 

s 

o 

00 

.HM 

«-<N 

HM 

<** 

ACsl 

:     <N 

:    <M 

r     CO 

S        CO 

'"C^ 

01 

C4 

94 

©i 

— 

^ 

** 

®S 

1 

ir 

<-i        (-1 

r4*       H«o 

H<«       H»      H"* 
»-•        i-H        i-N 

ao 

^-ts 

O  * 

il& 

eS" 

H*       H« 

»+♦      H« 

H*         H« 

p4«      f4»      i-f<# 

m^             wmt             m^ 

SSH 

^1 

•^ 

©< 

94 

01 

S3£ 

^W^ 

VI  •« 

dHM 

«    •? 

-C   X 

-K   i    * 

►  3!>.a 

—  CO 

€0        CO 

^        CO 

"*        CO 

^         CO         "^ 

0^50 

1 

1 

Centre  ' 
Web. 

«       win          •« 

h 

120 

. 

2 

%4 
0 

<^ 

± 

< 

6 

if 

M 

■8 

•0 

i*C 

»          — 

< 

e 

. 

99 

< 

■ 

0$ 

• 

.0 

I 

H 

4/ 

1 

i« 

:     HN 

«          *          » 

A                        «b                        .h 

'S 

fSi 

i 

a 

• 

i 

sS 

:^     -P 

*                • 

A                        »                       « 
A                        M                        *h 

I'sg 

iS* 

:     i> 

M                        * 

A                          .^ 

»                        •>                       «> 

^  s 

x: 

Dept 
of 
Rail 

&S 

r     t- 

•                        «                        «> 

1 

«3                 t- 

• 

• 

a 

0 

CO        ^ 
0>        Od 

0            © 

«o     w 

0     © 

«-^      ©      cc 

^H              l-N              *>4 

PQ  u 

u 

0 

c 

c                 w 

<-i 

^      cq 

94        CO 

CO        ^ 

^     10     IS 

» 

CO 

1 


.0 


s 

OB 
O 


462 


ELECTRIC  TRACTION 


The  position  of  the  web  of  the  rail  and  the  width  of  the  base  are  such 
that  the  resultant  of  the  forces,  due  to  the  weight  of  the  car  and  lateral 
pressure  of  the  wheel  flanges,  falls  well  within  the  base. 

Rails  of  standard  section  may  be  obtained  in  lengths  of  35,  45,  or 
60  ft.  for  straight  track,  and  35  ft.  for  curved  track.  The  45-  or  60-ft. 
lengths  are  usually  adopted  on  account  of  the  reduced  number  of  joints 
in  the  track. 

Steel  for  tram  rails  may  be  made  by  either^  the  Bessemer  or  the 
open-hearth  process.  When  made  by  the  Bessemer  process,  the 
chemical  composition  (recommended  by  the  Engineering  Standards 
Conunittee)  is  : — 


Carbon  .... 

Manganese 

Silicon  not  to  exceed 

Phosphorus  not  to  exceed 

Sulphur  not  to  exceed 

Iron       .         .         .         . 


0-4  to  0'35  per  cent. 
0-7  to  1-0 

0-1 

0-08 

0-08 
98-64  to  98-19 


while  ^  for  the  open-hearth  process,  an  average  composition  is  :• 

Carbon     .         .         .         ..         .0-65  per  cent. 

Manganese 


Phosphorus 
Silicon  . 
Sulphur  . 
Iron 


0-8 
0  03 
014 
0  03 
98-35 


>> 


}) 


>> 


>j 


19 


The  influence  of  the  various  constituents  on  the  physical  properties 
of  rail  steel  can  be  stated  thus  : — 

Carbon,  manganese,  phosphorus,  and  silicon  have  a  tendency  to 
harden.  Manganese,  in  sufficient  quantity,  secures  more  uniform  dis- 
tribution of  the  carbon,  and,  in  large  quantities,  gives  extreme  tough- 
ness and  ability  to  resist  abrasive  wear.  Steel  containing  a  large  pro- 
portion of  manganese  is  practically  non-magnetic,  and  has  a  much 
higher  electrical  resistance  than  ordinary  steel.  Silicon,  in  larger  quan* 
titles  than  those  given  above,  will  cause  the  steel  to  be  irregular  and 
brittle  after  rolUng.  Phosphorus  produces  greater  hardness  than  carbon 
or  silicon,  but  results  in  "  cold-shortness."  Sulphur  has  little  effect 
on  the  tensile  strength  or  ductility,  but  in  excess  of  0*08  per  cent,  gives 
seams  and  cracks  in  rolling,  and  also  *'  hot-shortness." 

Where  rails  are  liable  to  excessive  wear,  it  is  desirable  to  use  a  high- 
silicon  steel,  made  by  the  Sandberg  process,*  having  a  composition  as 
follows  : — 

Carbon 


Manganese 
Silicon     . 

vr    ^       J 

1-25 
.       0-3 

j\j*.    yj\ 

Phosphorus 
Sulphur   . 
Iron 

0  07 

0  07 

.     97-91 

>>           ! 

*  See  a  paper  by  Mr.  C.  P.  Sandberg  on  '*  The  Chemical  Composition  of  St<eel 
Rails  "  {Transcictions  of  the  Engineering  Conference  (1907),  section  I,  p.  6,  Institution 
of  Civil  Engineers), 
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In  the  Sandberg  process  the  silictm  is  introduced — in  the  form  of 
high -percentage  silico-spiegel — after  the  crude  steel  has  been  purified. 
By  this  method  the  brittteness  due  to  high  silicon  ia  avoided,  and  the 

steel   is   dense,  tough,  hard,  and   fine  

grained.  The  rail  wepr  with  this  steel 
has  been  found  to  be  from  35  per  cent. 
to  40  per  cent,  less  than  that  with  steel 
mode  by  the  Bessemer  process. 

The  fasteningB  between  individual 
rails  may  be  made  mechanicallyibyfish- 
plates),  or  the  rails  may  be  welded  at 
the  joints  to  form  one  continuous  length. 
The  ftBh-plate  joint  (see  Fig.  372)  con- 

sist«  of  two  curved  plates— placed  one  p,„,  373.—"  Continuous  '■  Rail- 
on  each  side  of  the  web  of  the  rail-^  joiut. 
with  inclined  or  "  fishing  "  surfaces  fit- 
ting between  the  head  and  flange  of  the  rail,  and  bolted  together  with 
ax  bolts.  It  is  essential  that  the  fishing  surfaces  should  be  a  good  fit, 
since  the  life  and  strength  of  the  joint  is  dependent  on  this  condition. 
As  the  life  of  a  rail  is  largely  influenced  by  wear  at  the  joint,  and  the 
latter  is  inaccessible  for  inspection  and  adjustment,  the  importance  of 
good  joints  on  a  tramway  track  is  very  great. 

A  modification  of  the  fish-plate  joint  is  shown  in  Fig.  373,  and  is 


Fill.  374.— Thcriiiil  RaLl-weldiug  Outflt. 

known  as  the  continuous  rail-joint.  This  joint  provides  larger  bearing 
suriaces  than  the  ordinary  fish-plates,  as  well  as  greater  vertical  stiffness. 
Where  ordinary  fish-plates  are  used,  increased  vertical  stiffness  can 
be  obtained  by  bolting  (across  the  joint)  a  short  length  of  rail  (inverted) 
to  the  underside  of  flange  of  track  rail  (see  Fig.  398,  p.  480).  This 
method  has  been  largely  adopted,  and  it  is  also  useful  for  anchoring 
purposes. 
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Welded  joints  are  extensively  used  at  the  present  day,  as  this  method 
of  jointing  tne  rails  provides  a  solution  to  track  troubles  due  to  faulty 
mechanical  joints.  The  processes  in  use  are  the  "Thermit,"  the  oxy- 
acetylene,  and  the  "  Tudor."  * 

The  Thermit  process  of  rail-welding  depends  on  the  fact  that 
aluminium,  in  a  nnely  divided  state  and  under  certain  conditions  of 


Figs.  375,  376. — Layout  of  Double  Track  \%nth  Simple' and  Compound  Curves 

(single- truck  car,  6'  6"  wheel-base). 

temperature,  is  a  powerful  reducing  agent.  Thus,  if  a  mixture  of  iron 
oxide  (Fe203),  flux,  and  finely  divided  aluminium  is  heated  to  about 
2000*  F.,  an  exothermic  reaction  takes  place,  producing  a  temperature 
of  from  5000°  to  6000°  F.,  and  giving  molten  iron  and  aluminium  oxide 
(Fea03+2Al=2Fe+ AI2O3).    In  the  practical  application  of  the  Thermit 

*  See  Tramway  and  Railway  World,  vol.  36,  p.  128,  for  particulars  of  the 
systems  of  rail  welding.  (Paper  by  Mr.  R.  Humphries  on  **  Rail  Joints  "  presented 
to  the  Tramways  and  Light  Railways  Association  (1914)  Congress.) 
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process  a  powder,  consisting  principally  of  a  mixture  of  finely  divided 
aluminium  and  iron  oxide,  is  ignited  by  a  suitable  ignition  powder  in  a 
special  crucible  (Fig.  374).  [The  powder  only  requires  to  be  ignited  at 
one  point  for  combustion  to  proceed  throughout  the  whole  mass  with- 
out furtJier  supply  of  heat.]  The  crucible  is  arranged  for  tapping  from 
the  bottom,  and  the  molten  ateel  is  run  into  a  mould  placed  round  the 
web  and  flange  of  rail.  The  rail  ends  and  molten  steel  are  thus  fused 
together,  and  a  butt  weld  at  the  rail  head  is  obtained  by  tightening  the 
clamfffl  (Fig.  374)  a  few  minutes  after  tapping  the  crucible.  The  mould 
is  designed  to  give  a  band  of  metal,  about  3  in.  wide,  round  the  joint, 
80  that  the  strength  is  practically  equal  to  that  of  the  rail. 

Trackwork  at  curves  calls  for  special  consideration  where  the  radiua 
is  below  150  ft.  In  these  cases  the  curve  should  be  compounded  with 
a  spiral,  in  order  to  give  an  easier  entrance,  and  to  reduce  the  wear  on 
wheel  flanges  and  rails.     With  a  spiral  entrance  the  spreading  of  the 


track  at  the  centre  of  the  curve,  to  give  the  necessary  Board  of  Trade 
clearance  of  15  in.  between  passing  cars,  is  less  than  that  required  for  a 
curve  of  uniform  radius.    This  is  shown  in  Figs.  376,  376. 

Where  curves  below  50-ft.  radius  are  traversed  by  single-truck  cars, 
considerable  wear  occurs  on  the  check  of  the  inner  rail,  due  to  the 
grinding  action  of  the  wheel  flanges.  In  order  to  avoid  having  to  renew 
a  rail  solely  on  account  of  a  worn  check,  a  modification  of  the  standard 
rail  with  a  renewable  check  has  developed.* 

The  four  types  of  renewable  checks  in  use  in  this  country  are  shown 
in  Fig.  377.  The  Hadfields'  type  (^)  consists  of  a  rolled  plate  of  "Era"t 
manganese  steel.  The  Holt  type  (B)  consists  of  a  special  check  rail  (of 
rolled  manganese  steel),  which  is  keyed  in  chairs  bolted  to  the  web  of 
the  track  rail.  A  rolled  manganese  steel  check  rail  is  adopted  in  the 
London  County  Council  type  (C|,  but  in  this  case  the  check  rail  is  bolted 
to  the  track  rail,  which  is  a  special  ("  step  ")  rail  without  a  lip.  In  the 
Bulfin  type  (D)  the  check  is  made  in  sections  (of  cast  manganese  steel), 
which  are  bolted  directly  to  the  web  of  the  track  rail. 

Points  and  crossings  are  required  in  connection  with  special  track- 

*  Meaars.  HadRelde  manufacture  raiU  for  curves  in  solid  manganese  steel,  which 
material  is  able  to  resist  succeBsfully  the  grinding  action  of  the  wheel  flanges.  It 
should  be  remarked  that,  on  curves,  the  groove  is  worn  at  the  check  on  the  inner 
rail,  and  at  the  tread  on  the  outer  rail. 

t  *  Era  "  (patent)  manganese  Bteel  ia  a  speciahty  of  Mesars.  Hodfields.  The 
steel  receivea  special  heat  treatment  durinfc  manufacture:  ila  chief  properties  are 
hordneas,  toughneaa.  and  ability  to  resist  abraaive  wear. 
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work,  such  as  loops  or  turnouts  (passing  places  for  cars  on  single  lines), 
orosB'Overs,  junctionB,  Ac. 

Points  can  be  divided  into  three  ciassee,  viz.  (1)  open  or  fixed  points, 
Bometimea  called  "  mates  "  ;  (2)  movable  points  ;  (3}  automatic  or 
spring  points. 

Open  points  have  no  tongues,  and  are   used  in  conjunction  with 

Movable  Poinl.  Automatic  Pulling  Point,        Automatic  Pushing  Point. 


['nivpr:-!!!  Opc-mtinfi  MpfhRnism  of  Hadfieltlii'  ■■  Hedn  "  Point.  [Thp  point  can 
he  nrrtingri\  tr)  not  aa  either  a  movablr  poinl  or  nn  automatic  point  by 
ohanging  thi-  fulrr\im  of  Ihc  rocking  lever  A.] 

movable  points,  but  in  some  cases  a  pair  of  open  points  (or  "  mates  ")  are 
used  under  trailing  conditions. 

A  movable  point  has  a  tongue  which  is  operated  either  by  a  crowbar 
or  through  levers  from  the  side  of  track.  This  class  of  point  is  used  at 
turnouts,  cross-overs,  and  junctions. 

An  automatic  point  has  a  tongue  which  is  spring  controlled,  and  is 
operated  by  the  flanges  of  the  car  wheels.  The  tongue  is  kept  in  position 
for  one  direction  of  traffic  by  a  spring,  and  is  therefore  self-setting  when 
operated  as  a  traihng  point  by  a  car  coming  from  the  other  direction. 

All  points  are  made  of  manganese  steel,  with  the  tongues  and  grooves 
shaped  to  standard  radii  (100,  150,  200,  300,  and  350  ft.).    The  overall 
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length  may  be  from  10  ft.  to  15  ft,  fl  in,,  with  tongues  from  7  ft.  6  in, 
to  10  ft.  long.  Illustrations  of  typical  modern  points  are  given  in  Figs. 
378,  379.* 

Fig.  378  illustrates  a  standard  Open  point.  This  class  of  point 
usually  consists  of  a  single  casting  of  "  E^a  "  manganese  steel. 

Hadflelds'  universal  sprinf  point  (which  may  be  used  either  a^ 
an  automatic  point  or  a  movable  point)  is  shown  in  Fig,  379,  while  the 
universal  operating  mechanism  is  shown  in  detail  in  Figs.  3K0,  381. 
This  mechanism  consists  of  a  spring  plunger  combined  with  a  rocking 
lever  to  which  the  tongue  of  the  point  is  mechanically  connected.  The 
fulcrum  of  the  rocking  lever  is  adjustable,  and  may  occupy  three  posi- 


tions, viz.  a  central  position,  and  a  position  on  each  side  of  the  central 
one.  In  the  central  position — shown  in  Fig.  380 — the  movement  of 
the  tongue  throws  the  rocking  lever  over  the  dead  centre,  so  that  the 
tongue  does  not  return  to  its  initial  pcwition.  The  point  therefore  per- 
forms the  functions  of  a  movable  poinl. 

When  the  fulcrum  of  the  rocking  lever  occupies  either  the  right  or 
left  position,  the  movement  of  the  tongue  cannot  force  the  rocking  lever 
over  the  dead  centre,  consequently  the  tongue  returns  to  its  initial 
position.    The  point  therefore  performs  the  function  of  an  aulomalic  point. 

With  the  fulcrum  in  the  right-hand  position — as  shown  in  Fig, 
381 — the  tongue  is  pulled  over  towards  the  tread  of  the  rail,  while,  with 
the  fulcrum  in.  the  left-hand  position,  the  tongue  is  pushed  over  towards 
the  check  of  the  rail.    Thus,  by  altering  the  position  of  the  fulcrum  of 

The  author  is  indebted  to  Messni.  Hsdfieldij  for  the  illustrations  of  points  and 
-—  ■-  "his  chapter  nnil  in  Chapter  XXI. 


TRAMWAY   TRACK  CONSTRUCTION  469 

the  rooking  lever,  the  point  may  be  converted  into  (1)  an  automatic 
pushing  point,  (2)  a  movable  point,  (3)  an  automatic  pulling  point. 

The  point  illustrated  in  Fig.  379  has  other  special  features  in  addition 
to  the  universal  operating  mechanism.    Thus  the  body  of  the  point  and 


Fio.  383. — CroBE-suction  of  Hadfielda'  ■•  HecU  "  Point 
at  Hoel.  A,  point  body ;  B,  tongue ;  C.  adjuat- 
tible  weilge  block;  D,  brass  packing  pieces. 

the  tongue  are  made  of  "  Era  "  manganese  steel,  while  the  tongue  i»  of 
the"pinless  "  variety.  Detail  illustrations  of  the  pinlessliill(fe  joint  are 
given  in  Figs.  382,  383.  The  heel  (or  hinge)  end  of  the  tongue,  fits  into 
a  dovetail  recess  in  the  body  of  the  point,  and  is  maintained  in  its  correct 
position   by  an  adjustable  block  iC,  Fig.  383),  the  adjustment  being 


Fio.  384. — Early  TramwBy  Point  with  Pin-bearing  Tongue. 

obtained  by  brass  packing  pieces  {D,  Fig.  383).  The  dovetail  recess  in 
the  body,  and  the  heel  of  the  tongue,  ore  both  ground  to  give  a  perfectly 
fitting  joint,  while  the  whole  of  the  imderside  of  the  tongue,  and  the 
bed  (in  the  body)  on  which  the  tongue  moves,  are  also  ground  to  true 
surfaces. 


TO  ELECTRIC  TRACTION 

This  type  of  pinless  tongue  is  a  considerable  improvement  on  the 
irlier  type,  in  which  the  hmge  waB  formed  by  a  pin  on  the  underside 


of  the  tongue  working  in  a  bearing  bush  in  the  body  of  the  point  (see 
Fig.  384).  The  advantages  of  the  pin lesB- tongue  point  will  be  apparent 
from  a  comparison  of  Figs.  383,  3S4. 
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Crossings  are  usually  made  of  manganese  steel,  and,  for  turnouts 
and  cross-overs,  are  standardised  with  angles  from  1  in  4J  to  1  in  8,  and 
lengths  varying  from  7  ft.  to  11  ft.  A  typical  standard  crossing  is 
illustrated  in  Fig.  386. 

With. crossings  over  which  the  traffic  is  principally  in  one  direction, 
the  unbroken  main-line  type — ^illustrated  in  Fig.  386 — is  preferable  to 
the  standard  type,  as  the  jolting  of  the  cars  in  normal  service  is  thereby 
avoided.  The  applications  of  points  and  crossings  to  special  track-work 
are  shown  in  the  diagrams  of  Fig.  387. 

Each  end  of  a  turnout  requires  one  crossing,  one  open  point,  and 
one  automatic  point. 

Each  end  of  a  single  junction  or  cross-over  requires  one  crossing, 
and  either  a  pair  of  movable  points  or  a  pair  consisting  of  a  movable 
point  and  an  open  mate. 

A  double  lunction  or  double  cross-over  requires  four  pairs  of 
points  and  eight  crossings,  the  points  being  of  either  the  movable  or 


Double  Cross -over 


Right-hand  Cross-over 


Lateral  Tltrn-out  or  loop 


Equ'lstteral  Turn -out 


Str^ght-run-m    Turn-out 


InterUeed  Track  Left-hand  Cross-over 

Fio.  387. — Examples  of  "  Special  "  Track-work. 

automatic  types  for  facing  or  trailing  positions.     Alternatively,  movable 
points  and  open  mates — arranged  in  pairs — may  be  u^ed. 

Interlaced  track  requires  only  a  crossing  at  each  end.  This  form  of 
special  track-work  is  used  at  places  (on  a  line  of  double  tracks)  where 
there  is  insufficient  room  for  double  track,  and  it  possesses  advantages 
over  the  use  of  single  track  at  those  places.  Thus,  points  are  not  re- 
quired, while  the  wear  on  the  rails  is  uniform  throughout  the  sections  of 
double  track  and  interlaced  track.  A  practical  example  of  interlaced 
track  is  illustrated  in  Fig.  388. 

Electrically-operated  Points. — ^At  junctions  in  busy  thoroughfares 
it  is  desirable  to  operate  the  points  without  manual  labour.  This  can 
be  arranged  without  difficulty  on  overhead  systems.  For  example,  the 
tongue  of  the  point  may  be  operated  by  an  electro-magnet  which  is 
excited  by  the  line  current  from  a  special  overhead  fitting  in  advance 
of  the  junction.  If  the  point  is  required  to  be  operated,  the  motorman 
keeps  the  controller  in  the  first  power  position  when  passing  this  con- 
tact, while,  if  the  car  is  to  run  through,  the  controller  is  kept "'  off."  * 

♦  See  JoumcU  of  the  Institution  of  Electrical  EngineerSy  vols.  35  (p.  587).  44 
(p.  470),  for  details  of  the  Tiemey-Malone  electrically-operated  point-shifter. 
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The  grange  of  the  track  ie  influenced  by  the  width  of  the  road  and  the 
type  of  car  adopted.  Where  the  conditions  permit,  it  is  desirable  to 
adopt  standard  gauge  (4  ft.  8}  in.),  on  account  of  the  increaaed  passenger 
accommodation  on  the  cars.  In  the  United  Kingdom  the  follow- 
ing gauges  are  in  use  for  tramways  :  3  ft.  6  in.,  4  ft.  0  in.,  4  ft.  ^7J  in., 
4  ft.  8i  in.  (standard),  5  ft.  3  in. 

The  distance  between  the  centres  of  adjacent  tracks  on  the  straight 


must  be  such  that  a  minimum  clearance  of  15  in.  in  obtained  between 
cars  when  passing  each  other  (see  Board  of  Trade  Regulations,  p.  633). 

The  fonndatlon  for  the  track  usually  consists  of  6  ;  1  concrete,  not 
less  than  6  in.  thick.  In  laying  the  track,  the  rails  are  supporteid  on 
temporary  packing  and  adjusted  to  the  correct  gauge  by  tie  bars  bolted 
to  the  web.  The  concrete  is  filled  in  to  about  1  in.  above  the  flanges 
of  the  rails,  and  the  paving  put  down  when  the  concrete  has  set. 


CHAPTER   XXI 

TRACK  CONSTRUCTION  FOR  CONDUIT  TRAMWAYS 

The  only  examples  in  this  country  of  electric  tramways  operating  on 
the  conduit  system  are  in  London  (L.C.C.  tramways)  and  Bournemouth. 
The  London  installation  is  of  the  centre-slot  type,  and  at  the  present 
time  (1916)  comprises  122  miles  of  route  (96  per  cent,  being  double  track) 
over  the  greater  portion  of  which  the  traffic  is  exceptionally  heavy. 

On  the  other  hand,  the  Bournemouth  installation  is  principally  of 
the  side-slot  type,  and  comprises  about  two  miles  of  route  through 
the  centre  of  the  town. 

The  side-slot  svstem  is  somewhat  less  costly  to  instal  than  the  centre- 
slot  system,  and  has  the  advantage  that  no  additional  grooves  (other 
than  those  in  the  track  rails)  are  formed  in  the  road  surface,  while  the 
amount  of  exposed  metal  at  the  road  surface  is  smaller  than  in  the 
centre-slot  system.  Against  these  advantages,  however,  there  are  the 
following  disadvantages:  (1)  the  width  of  the  side-slot  at  junctions  is 
liable  to  become  excessive;  (2)  the  points  are  more  complicated  than 
those  for  the  centre-slot  system.  Although  the  difficulties  in  connection 
with  the  points  are  not  insurmountable,  nevertheless,  in  many  cases, 
the  slot  is  deflected  to  the  centre  of  the  track  to  overcome  the  above 
objections. 

The  present  constraction  of  the  centre-slot  system  on  the  L.C.C. 

tramways  differs  in  many  details  from  the  original  construction  Installed 
in  1903.  In  the  original  construction  the  slot-rails  were  fixed  to  cast- 
iron  yokes  (see  Fig.  389),  to  which  the  track-rails  were  connected  by  tie- 
bars.  The  yokes  were  spaced  3  ft.  9  in.  apart,  and  were  embedded  in 
concrete,  with  which  the  sides  of  the  conduit  were  also  formed.  The 
T  conductor-rails  were  carried  from  insulators,  bolted  to  the  flange  of 
each  slot-rail,  as  shown  in  Fig.  390,  the  insulators  being  accessible  from 
the  road  surface  by  removable  covers. 

The  principal  features  in  which  the  modem  construction  differs 
from  the  originial  construction  are:  (1)  the  use  of  ''extended"  yokes; 
(2)  the  abandonment  of  removable  covers  over  the  insulators ;  (3)  the 
use  of  a  slot  1  in.  wide  instead  of  f  in.  wide ;  (4)  the  increstse  in  the 
width  of  the  conduit  to  16  in. 

In  addition,  improvements  have  been  introduced  in  the  construction 
and  drainage  of  the  conduit,  and  welded  joints  are  now  extensively  used 
on  the  track-rails. 

The  yokes  are  now  of  two  patterns,  the  "extended"  yoke  (Fig. 
391)  and  the  "short"  yoke  (Fig.  389),  the  former  weighing  400  lb.  and 
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the  )att«r  200  lb.  The  extended  yokes  support  the  track-rails  in  addi- 
tion to  the  alot-rails,  and  are  spaced  7  ft.  6  in.  apart,  while  the  short 
yokes  support  the  slot-rails  only,  and  are  placed  midway  between  the 


3  construction ).     Croaa-soction 


extended  yokes.  A  view  of  the  track  construction  in  progress,  shoeing 
the  yokes,  rails,  and  tie-bars,  is  shown  in  Fig.  392.  It  will  be  seen 
that  the  slot-rails,  in  addition  to  being  tied  to  the  short  yokes,  are  tied 


to  the  track-rails  at  each  extended  yoke,  while  the  gauge  of  the  track- 
rails  is  adjusted  by  taper  keys.  A  reference  to  Fig.  391  will  show  that 
a  hardwood  packing  strip  (|  in.  thick)  is  inserted  between  the  flange 
of  each  track-rail  and  the  yoke.  The  joints  in  the  slot-rails  are  arranged 
at  the  centre   of  a  yoke  (see  Fig.  392),  thereby  rendering  joint-plates 
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unnecessary.  Where  the  joints  in  the  track-rails  are  not  welded,  the 
ordinary  fish-plate  joint,  supplemented  by  a  sole-plate  consisting  of  a 
short  length  of  inverted  rail  (see  Fig.  398,  p.  4£0),  is  adopted. 

After  the  track-rails  have  been  lined  up  and  levelled,  the  yokes 
are  set  in  6  to  1  concrete.  The  centering  (A,  Fig.  393) — by  means  of 
which  the  correct  shape  is  given  to  the  conduit — ^is  next  placed  in  position 
between  the  yokes,  after  which  the  paving  strips  B  and  boxes  C  (for 
the  insulator  pockets)  are  fixed,  as  shown  in  Fig.  393.  The  temporary 
packing  blocks  under  the  track-rails  (see  Fig.  393,  left-hand  track)  are 
then  removed,  and  the  space  up  to  the  flanges  of  the  rails  is  filled  with 
6  to  1  concrete. 

The  centering  was  originally  constructed  of  wood,  btit  on  straight 
track  a  collapsible  sheet-iron  centering  is  now  used.  This  is  Qpnstructed 
in  lengths  3  ft.  9  in.  long,  and  consists  of  two  sheets,  hinged  together 


Fio.  391. — Extended  Yoke,  L.C.C.  Conduit  Tramways. 

Section  No.  4 — 105  lb.  per  yard.] 


[Track  rails :  B.S. 


at  the  bottom,  and  pressed  against  the  yokes  by  toggle  joints  at  each 
end.  When  the  concrete  has  set,  the  centering  can  be  made  to  collapse, 
and  can  be  extracted  through  openings  which  have  been  left  for  that 
purpose.  At  special  track- work  the  wooden  type  of  centering  is  used, 
and  a  portion  of  this  is  shown  lying  by  the  track  in  Fig.  393. 

The  paving  strips  B  (Fig.  393),  which  consist  of  lengths  of  2|  in. 
by  f  in.  wrougnt  iron  fitting  in  grooves  in  the  yokes,  are  for  the  purpose 
of  preventing  the  concrete  next  to  the  flange  of  the  slot-rail  from  breaking 
away. 

The  insulator  pockets  are  placed  15  ft.  apart,  and  the  insulators 
are  bolted  to  the  flanges  of  the  slot-rails,  as  shown  in  Figs.  394,  396. 
Details  of  the  insulators  are  given  in  Fig.  394. 

Each  insulator  pocket  is  covered  by  a  cast-iron  plate  (Fig.  395), 
which  is  supported  partly  on  the  flange  of  the  slot-rail  and  partly  on 
the  concrete,  and  is  finally  cemented  in  position.  In  order  to  indicate 
the  position  of  these  covers  on  the  road  surface,  a  special  square  sett 
or  block  is  placed  over  each  when  the  paving  is  laid.  With  this  con- 
struction a  faulty  insulator  is  accessible  only  after  the  paving  and  the 
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Fia.  393. — Track  CoDstruction  in  Progresa,  showing  Centering  in  Ponitioi 


TRACK  CONSTRUCTION  FOR  CONDUIT  TRAMWAYS  477 

cover-plate  have  been  removed.  This  feature  is  not  considered  to  be 
a  disadvantage  in  practice,  for,  in  the  first  place,  the  insulators  are  very 
reliable  ;  and,  secondly,  the  sealing  up  of  the  insulator  pocket  prevents 
the  ingress  of  mud,  &c.,  which  was  found  to  occur  when  the  removable 
boxes  were  used."    - 

In  renewing  the  original  track,  the  removable  covers  are  replaced 
by  the  modern  non-removable  covers  illustrated  in  Fig.  395. 


Ill  i  I 


Details  of  Insulator  for  Conduit  Tramways. 

The  condaetor  rails  are  of  "  T  "  section,  weighing  22  lb.  per  yard, 
and  consist  of  high  conductivity  steel,  having  a  specific  resistance  of 
4-25  microhms  per  inch  cube.    The  dimensions  are  shown  in  Pig.  394. 

At  each  insulator  the  rail   is   held   in  a  clip  (Fig.  394),  which  is 

•  In  this  connection  the  following  paragraph  from  Rider'a  Elettrie  Traction 
(Whittaker  *  Co.,  1003)  is  of  interest :  "  On  some  of  the  Continental  lines,  notably 
in  Paris  and  Berlin,  the  inaulator  boxes  are  kept  well  below  the  surface  of  the  road. 
and  the  paving  is  carried  right  over  them.  The  eneineera  in  charge  of  those  lines 
say  that  they  seldom  have  to  inspect  any  of  the  insulatora,  and  that,  when  they  do, 
it  is  preferable  to  break  up  the  living  at  that  point,  than  to  be  troubled  with  Hush 
road  boKea  all  the  time.  Certainly  the  appearance  of  a  road  without  the  boxes 
is  much  sut>erior  to  a  road  with  them." 
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bolted  to  the  insulator  pin,  the  rail  being  adjusted  to  the  correct 
position  by  means  of  an  eccentric  washer,  working  in  a  groove  in  the 
clip.    A  double  clip  is  used  at  the  joints,  and  each  joint  is  bonded  with 

two  flexible    bonds    having   |-in.  terminals 

expanded  into  the  rails.    The  clip,  eccentric 
'  washer,  and  bonds  can  be  seen  in  Fig.  366, 

which  shows  the  insulator  and  conductor-rail 

in  position  in  the  conduit. 

Section  insulators,  consisting  of  a,  2-ft. 

gap  in  the  conductor-rails,  are  placed  at 
intervals  of  half  a  mile,  at  which  points 
cables  are  connected  to  the  feeder  pillars 
and  substation.  (See  Chapter  XXVI  for 
details  of  these  pillars.)  Each  end  of  the 
conductor -rail  is  nared  back  H  in.  in  order 
to  prevent  the  shoes  of  the  plough  from  foul- 
Fio.  39S.-Ins«l«tor  Cover         j^^  ^^^^^j  ^^  ^^^^^  ^^^^^  ^^.^  ^^j,  j^  supported 

by  two  insulators  arranged  as  in  Fig.  397. 
A  "  plough  hatch  "  or  "  plough  box  "  is  usually  fitted  in  the  slot-rails 
at  each  section  insulator.     (See  Fig.  397.)    This  consists  of  two  remov- 
able plates,  each  about  3  ft.  long  by  4  in.  wide,  which,  when  removed. 


FlQ.  396. —Insulator  sntl  Coinluetor-rnil  in  position  in  CoiKtiiit. 
A,  doiiblp  clip  ;  B,  (TOfiitric  wiuiht'r ;  (  .  conductor -rail ;  D. 
bomls;  £^,  insolHtor;  P,  slot-rail. 

leave  a  fairly  large  opening  over  the  conduit,  through  which  a  plough 
can  be  withdrawn. 

Special  Work. — In  conduit  tramways  the  track-work  at  cross-overs 
and  junctions  is  considerably  more  complicated  and  costly  than  that 
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at  similar  places  on  tramways  operating  on  the  overhead  system,  since 
not  only  must  a  clear  passage  be  provided  under  the  roadway  for  the 
plough,  but  special  points  are  required  for  the  slot -rails  as  well  as  for  the 
track-rails.  The  amount  of  exposed  metal  at  the  road  surface  will, 
therefore,  be  considerable,  while  the  amount  of  metal  below  the  road 
surface  will  be  still  greater,  on  account  of  the  extra  yokes  and  gussets 
which  are  required  for  supporting  the  special  work. 

The  nature  of  the  special  work  for  a  double-track  crossing  is  shown 


Sectional  Plan,  showing  Plan,   nhowing   Yokoa. 

Section  Insulutor  and  Plough  Box.  (ind  In- 

Cable  Conneciiona.  aulatur  Cover- plates. 

Fio.  397.— Section  Int 

in  Fig.  398,  while  the  special  work  for  a  cross-over  is  shown  in  Fig,  399. 
These  illustrations  refer  to  track-work  for  the  L.C.C.  tramways,  and 
show  this  work  assembled  on  the  lay-out  floor  at  Messrs.  Hadfields' 
works.  Only  the  special  work  is  shown  assembled,  the  standard  yokes 
and  other  flttings  being  omitted. 

The  points,  crossings,  and  other  parts  subjected  to  wear  are  con- 
structed of  manganese  steel,  while  the  remaining  portion  (with  the 
exception  of  the  rails  and  fastenings)  is  of  cast  steel.  It  will  be  observed 
that  the  points  in  the  slot-rails  are  placed  after  those  in  the  track-rails, 
so  that  the  car  will  be  on  the  correct  road  before  the  plough  meets  the 
pointa. 
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The  points  for  the  slot-rails  are  of  a  special  design,  and  are  shown  in 
detail  in  Fig.  400.  Each  slot-point  consists  of  two  leaf  tongues,  which 
move  under  protecting  covers,  the  latter  being  flush  with  the  road  sur- 
face. The  tongues  are  operated,  through  suitanlfe  mechanism,  by  a  lever 
inserted  in  a  slot  at  the  side  of  the  track.  (In  Fig.  400  the  covers  have 
been  removed,  thus  ezpoBing  the  tongues  and  operating  mechanism.) 
In  the  straight -run-thro  ugh  position  one  leaf  tongue  guides  the  plough 
past  the  throat  of  the  point,  while  in  the  branch  position  this  tongue 
moves  under  its  cover-plate,  and  the  other  leaf  tongue  moves  out  to  guide 
the  plough  to  the  branch  track. 

In  Older  to  provide  a  clear  passage  for  the  plough  in  each  direction. 


Fio.  400. — HadGelds'  Centre-elot  Point  tor  Conduit  Tramwaya. 
View  with  protecting  covers  removed,  showing  leaf  tongues 
and  operating  mechoDism. 

it  is  necessary  to  iusert  long  breaks — amoimting  to  12  ft.  or  more — in 
the  conductor  rails,  the  disposition  of  the  latter  being  indicated  in 
Fig.  401.  At  important  junctions  the  various  sections  of  the  conductor 
rails  are  connected  to  switches  in  feeder  pillars,  and  in  other  cases  they 
are  Interconnected  by  jumper  cables  laid  in  suitable  ducts. 

The  twin-slot  is  another  example  of  special  work  which  has  been 
adopted  in  some  parts  of  London  where  the  road  is  not  wide  enough  for 
double  track.  In  this  case  a  single  pair  of  track-rails  is  provided  with 
two  conduits,  thereby  avoiding  the  complication  of  slot-points. 

Drainage. — ^It  is  very  important  that  cEGcient  means  be  adopted  for 
preventing  any  accumulation  of  surface  water  or  mud  in  the  conduit. 
The  following  method  is  adopted  in  London.  The  track-rails  are 
drained  by  drain  boxes,  connected  to  the  conduit  through  3-in. 
pipes.  (These  drain  boxes  can  be  seen  in  Fig.  393.)  The  conduits  are 
drained  into  sump  pits,  spaced  at  intervals  of  120  ft.  along  the  track, 
the  pits  being  constructed  of  concrete  and  placed  in  the  clearway  between 
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the*  tracks.  Each  sump  pit  has  a  maximum  depth  of  7  ft.  9  in.,  the 
catch-pit  being  3  ft.  6  in.  deep  by  3  ft.  by  2  ft.  The  upper  portion  of 
the  pit  extends  the  full  width  between  the  conduits,  which  terminate 
at  each  wall.  In  this  manner  a  depositing  bench — ^for  mud  from  the 
conduits — ^is  formed.  The  removal  of  the  mud  and  the  flushing  of  the 
pit  is  performed  periodically.  The  catch-pit  is  connected  to  the  sewer 
by  a  9-in.  pipe,  the  sill  of  which  is  2  ft.  5  in.  above  the  bottom  of  the 
pit.  The  mouth  of  the  pipe  is  provided  with  an  iron  hood  arranged  to 
give  a  water  seal  5  in.  deep. 

It  is,  of  course,  necessary  to  provide  means  for  withdrawing  any 
mud  from  the  bottom  of  the  conduits  into  the  sump  pits,  as  the  natural 
drainage  cannot  be  relied  upon  to  do  this  efifectually  unless  the  road  is 
on  a  gradient.  A  scraper  is  used  for  this  purpose,  and  is  either 
manually  operated  or  drawn  through  the  conduit  on  a  special  framework 
attached  to  a  car. 

The  Side-slot  Conduit  System. — ^We  shall  now  consider  briefly 
the  side-slot  system,  as  installed  m  Bournemouth,  and  show  the  prin- 


FiG.  401. — Arrangement  of  Conductor  Rails  at  Double- trcMsk  Junction. 

cipal  points  of  difference  between  the  construction  for  this  system  and 
that  for  the  above  centre-slot  system.  There  are,  however,  several 
points  of  similarity  in  the  two  installations,  as  the  same  contractors 
(Messrs.  J.  G.  White  &  Co.)  installed  both  the  Bournemouth  and  the 
original  L.C.C.  lines.  Thus  the  type  of  insulator,  the  section  of  the 
conductor  rails,  and  the  method  -of  mounting  and  fixing  these,  are  the 
same  in  each  case,  while  the  yokes  are  of  similar  design. 

The  slot,  for  the  greater  portion  of  the  Bournemouth  installation, 
takes  the  place  of  the  groove  in  one  of  the  track-rails,  and  accommo- 
dates the  flanges  of  one  set  of  wheels  in  addition  to  the  plough.  The 
width  of  the  slot  is  1  in.,  this  being  the  least  permissible  width  for 
standard  |-in.  wheel  flanges,  but  at  places  where  the  slot  is  deflected 
to  the  centre  of  the  track  the  width  has  been  reduced  to  }  in. 

The  general  construction  of  the  conduit  is  shown  in  Fig.  402.  The 
yokes  are  similar  in  design  to  the  short  yokes  on  the  L.C.C.  lines,  but 
are  stronger.  They  are  spaced  3  ft.  9  in.  apart,  with  the  tie-bars 
arranged  in  a  manner  similar  to  those  on  the  above  system. 

A  drawing  of  one  of  the  slot-rails  and  fish-plates  is  shown  in  Fig.  403, 
from  which  it  will  be  seen  that  the  rail  is  of  a  modified  girder  type,  with 
a  drip  edge  on  the  beise.    The  fish-plates  are  of  the  continuous-joint 
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type  (8©e  p.  463),  2  ft.  IJ  in.  long,  and  a  special  fish-plate  and  bolt-head 
is  used  OB  the  alot  side  of  the  rail.    The  outboard  track-rail  iB  of  the 


Fio-  402. — Details  of  Side-slot  Conduit  (Bournemouth). 

standard  grooved  type,  and  is  connected  to  the  adjacent  slot-rail  by  tie- 
bars  spaced  7  ft.  6  in,  apart  and  fixed  between  the  yokes. 

The  insulators  are  spaced  15  ft.  apart,  and  are  covered  with  a  plate 
below  the  paving. 
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The  sump  pita,  which  are  of  similar  design  to  those  described  above, 
are  spaced  at  intervals  of  about  40  yds.,  and  ai^  supplemented  by  clean- 
ing pits,  located  at  intervals  of  1^  ft.  These  cleaning  pits  consist  of 
an  enlarged  insulator  pocket,  without  insulators,  and  enable  mud,  ftc, 
to  be  removed  without  having  to  transfer  it  to  the  sump. 

The  special  feature  of  the  Bournemouth  installation  is  the  deflection 
of  the  slot  to  the  centre  of  the  track  at  junctions,  in  order  to  avoid 
the  large  slot  opening  which  usually  results  when  a  side-slot  point  is 
used.    At  some  extensions  of  the  system  a  special  side-slot  point,*  in 
which  the  opening  does  not  exceed  the 
norma)  width  of  the  slot,  has  been  in- 
troduced.   A  view  showing  the  special 
work  at  one  of  these  si^-slot  points 
is  given  in  Pig.  404, 

The  chief  difficulty  in  the  design 
of  a  side-slot  point  is  that  the  tongue 
has  to  be  supported  so  that  it  is 
capable  of  carfyli^  the  load  due  to  a 
car  passing  over  it.  In  the  Connett 
design  (Fig.  404)  this  difficulty  is  over- 
come by  the  use  of  two  supporting 
tongues  (which  we  will  designate  A  and 
B)  on  opposite  sides  of  the  slot.  These 
tongues  are  connected  to  a  special  yoke 
which  is  operated  through  a  lever  at 
the  side  of  the  track,  this  lever  also 
controUing  the  tongue  of  the  point. 
When  the  point  is  in  one  position,  its 
'tongue   is   supported   by  one   of    the 

above  tongues  (say  ^4),  the  other  (S)  rm,  403.— Slot-rail  and  Fish- 
being  clear,   so   as    to   provide    an    un-  platee  for  Side-slot  Conduit 

obstructed  path  for  the   plough.     In  Syst«n). 

the   other    position  of   the   point   the 

support  of  the  tongue  is  transferred  to  B,  and  A  is  moved  clear. 
The  operation  of  the  movable  tongues  is  somewhat  similar  to  those  on 
the  centre-slot  point  described  above,  although,  of  course,  the  designs 
are  quite  diflferent. 

Combined  Conduit  and  Orerhead  Trolley  STstems.— On  the 
Bournemouth  installation,  and  also  on  some  parts  of  the  L.C.C.  tram- 
way system,  the  cars  operate  on  both  the  conduit  and  overhead  trolley 
systems.  At  the  termini  of  the  conduit  system  the  plough  must  either 
be  raised  from  the  conduit,  so  as  to  clear  the  track,  or  removed  from 
the  truck.  The  former  method  is  adopted  in  Bournemouth  and  the 
latter  in  London. 

At  each  terminus  in  Bournemouth  the  slot  is  deflected  to  the  centre 
of  the  track,  and  terminates  in  a  plough  pit  4  ft.  long.  The  plough  pit 
is  provided  with  two  movable  covers,  which  are  operated  through  levers 
from  the  side  of  the  track.  The  covers  open  to  a  distance  of  9|  in., 
through  which  the  plough  is  raised  by  special  lifting  gear  on  the 
truck. 

At  the  London  termini  the  slot  is  deflected  into  the  clearway  between 

•  Detigned  by  Mr.  A.  N.  Connett,  Chief  Engineer  to  Meaara.  J.  O.  White  &  Co. 
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the  tracks,  the  conductor  rails  terminating  a  short  distance  previous 
to  this  deflection.  The  plough  is  run  off  the  plough-carrier  on  to  a  small 
trolley  by  the  combined  motion  of  the  car  and  the  deflection  of  the  slot, 


Fm.  404. — Connett  Side-slot  Point  (Bournemouth). 

the  weight  of  the  plough  during  the  transition  period  being  taken  on  a 
special  fork  placed  in  the  plough-carrier  by  a  tracksman.  The  plough, 
on  its  trolley,  is  then  run  into  position  for  being  placed  on  a  car  traveling 
in  the  opposite  direction. 


CHAPTER  XXII 

THE  TRAMWAY  TRACK  CONSIDERED  AS  AN  ELECTRICAL 

CONDUCTOR 

In  tramways  operating  on  the  overhead  system  the  track  rails,  in 
conjunction  with  feeder  cables,  form  the  return  conductor  to  the  negative 
pole  of  the  generators.  It  is  necessary,  therefore,  to  consider  the 
electrical  properties  of  the  rails  and  track. 

The  specific  resistance  of  steel,  having  the  same  composition  as 
standard  (E.S.C.)  Bessemer  tram-rails,  averages  7*5  microhms  per  inch 
cube  at  a  temperature  of  20°  C.  The  cross-sectional  area  and  resistance 
per  foot  of  standard  rails  are  given  in  Table  XXIII. 


TABLE    XXIII 
Cross-sectional  Areas  and  Resistance  of  Tramway  Rails 


B.S.  Section. 

Lb.  per  Yard. 

Croas-sectional 
Area. 

Resistance  per  Foot 
of  Rail. 

1 
2 
3 
4 
5 

90 

95 

100 

105 

110 

square  inches. 

9-0 

9-5 
10-0 
10-5 
11-0 

microhms. 

10 
9-47 
9-0 

8-57 
8-18 

Thus,  although  the  material  of  the  rails  has  a  moderately  h^h  specific 
resistance,  the  cross-sectional  area  of  a  rail  is  large,  so  that  the  resist- 
ance of  a  single  track  of  continvxms  rails  would  not  exceed  0-025  ohm 
per  mile»  The  ordinary  fish-plate  joint,  however,  has  a  high  resistance 
relative  to  the  rail,  and  it  is  necessary,  therefore,  either  to  eliminate 
this  type  of  joint  from  the  track  by  welding  the  rails,  or  to  supplement 
it  with  a  good  conductor  or  '*  bond,"  in  order  that  the  conductivity  of 
the  track  may  be  maintained. 

A  joint  having  a  low  resistance  is  necessarr,  not  only  for  reasons 

of  economy,  but  on  account  of  the  Board  of  Traa.e  regulations  (p.  633), 
which  limit  the  voltage  drop  in  the  rails  to  seven  volte,  and  the  voltage 

48Z 
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between  any  pipe  and  the  rails  to  one  volt  positive  and  three  volta 
negative. 

These  regulations  were  made  at  a  time  when  considerable  trouble 
was  being  experienced  (due  to  the  corrosion  of  water  and  gas  ph)e8 
and  lead  cable  sheaths)  by  the  stray  currents  resulting  from  imperfect 
bonding  of  the  rail  joints.  The  magnitude  of  this  corrosion  has  been 
demonstrated  by  Mr.  I.  H.  Farnham  in  a  paper  on  "  The  Destructive 
Effect  of  Electric  Currents  on  Subterranean  Met^i  Pipes."  *  In  this 
paper  it  is  shown  that  the  corrosion  of  the  pipes  was  due  to  (a)  the  positive 
terminal  of  the  generator  being  connected  to  the  rails,  and  (6)  imperfect 
bonding  of  the  rail  joints,  so  that  the  pipes  acted  as  feeders  to  the  rails. 
The  current  left  the  pipes  for  the  rails  at  numerous  points,  and  as  each 
point,  with  the  surrounding  soil  and  rails,  formed  an  electrolytic  cell 
in  which  the  pipe  was  the  anode,  the  corrosion  was  considerable. 

The  methods  adopted  as  a  remedy  for  these  troubles  were  :    (1)  to 


Fig.  406. — "'Protected  "  (Ribbon-type)  Bonds  for  Tramway  Rails 
(British  Insulated  and  Helsby  Cables). 

connect  the  negative  terminal  of  the  generator  to  the  rails  ;  (2)  to  bond 
the  rail  joints  and  cross-bond  the  rails ;  (3)  to  bond  pipes  to  the  rails 
when  the  former  were  in  close  proximity  to  the  latter  ;  (4)  to  lay  cables 
from  the  negative  bus-bar  to  the  pipes  which  were  positive  to  the  rails 
under  the  new  conditions,  the  object  of  the  cables  being  to  lead  the 
current  out  of  the  pipes  by  a  path  of  low  resistance. 

It  is  interesting  to  notice  that  the  first  three  methods  are  incor- 
porated in  the  Board  of  Trade  regulations.  The  fourth  method  has 
been  superseded  by  the  more  satisfactory  method  of  limiting  the  voltage 
drop  in  the  rails,  since  this  tends  to  prevent  leakage  currents,  and  is 
obviously  more  logical  than  endeavouring  to  prevent  troubles  arising 
from  leakage  currents. 

In  order  to  maintain  the  voltage  drop  in  the  rails  within  the  limit  of 
seven  volts,  it  will  generally  be  necessary  to  instal  **  negative  "  feeders, 
I.e.  cables  connecting  various  points  of  the  rails  to  the  negative  bus-bar 
(see  Chapter  XXVI).  With  a  properly  designed  negative  feeder  system 
and  the  voltage  drop  in  the  rails  within  the  above  limit,  there  are  practi- 
cally no  corrosion  troubles,  even  on  extensive  tramway  systems.f 

The  bonds  in  general  use  for  tramway  rails  can  be  divided  into  two 

*  Transartions  of  American  Institute  of  Electrical  Engineers,  vol.  11,  p.  191. 
t  See  Journal  of  the  Institution  of  Electrical  Engineers,  vol.  43,  p.  464. 
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classes,  according  to  the  method  of  fixing  the  terminal  of  the  bond  into 
the  rail.  Each  class  can  be  subdivided  into  two  groups,  according  to 
whether  the  bond  is  placed  outside  the  fish-plates  or  between  the  fish- 
plates and  the  web  of  rail. 

Formerly  all  bonds  were  fixed  into  the  rail  by  driving  a  drift-pin 
into  a  hole  passing  through  the  terminal  head.  This  expanded  the 
terminal  into  the  hole  in  the  rail,  but  the  pressure  obtained  by  this 
process  was  not  sufficient  to  maintain  -a  low  contact  resistance  under  all 
conditions. 

Modem  bonds  have  solid  terminal  heads,  >vhich  are  fixed  in  position 
under  considerable  pressure,  so  that  a  low  contact  resistance  is  obtained 
under  all  conditions. 

One  type  of  solid  bond  (known  as  the  Columbia  bond)  consists  of  a 
copper  rod,  with  each  end  in  the  form  of  a  truncated  cone,  and  two  copper 


Figs.  406,  407.- 


£ 
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-Location  of  12  in.  and  8  in.  Protected  Bonds  for  B.S.S.  Tramway 

Rails. 


thimbles  which  are  tapered  inside  to  fit  on  the  ends  of  the  rod.  In 
fixing  this  type  of  bond,  the  ends  of  the  rod  are  placed  into  freshly- 
drilled  holes  in  the  web  of  the  rail,  the  thimbles  are  slipped  on  from  the 
other  side,  and  the  terminals  are  expanded  into  the  holes  by  a  screw  or 
a  hydraulic  press.  The  bond  is  fixed  outside  the  fish-plates  after  the 
latter  are  in  position.  The  overall  length  of  the  bond  is  32  in.,  and  two 
bonds  are  usually  fitted  to  each  rail  joint. 

The  protected  (flexible)  bond  (Fig.  405)  is  designed  for  fixing  to 
the  rail  under  the  fish-plates.  It  is  made  from  flat  copper  wire,  with 
forged  copper  terminals.  A  bond  having  a  cross-section  equivalent  to 
4/0  B.  &  S.  gauge  (0-166  sq.  in.)  consists  of  twenty-four  strands  of  flat 
copper  wire  (0-193  in.  x  0-036  in.),  wdth  terminals  |  in.  in  diameter 
by  I  in.  long,  and  shoulders  J  in.  thick.  The  shoulder  at  the  terminal 
is  the  thickest  part  of  the  bond,  so  that  there  is  plenty  of  room  for  this 
bond  between  the  web  and  fish-plate.  Two  sizes  are  used  in  connection 
with  standard  tram  rails,  one  (12  in.  long)  suitable  for  rail  sections 
Nos.  1  to  3,  where  only  one  bond  can  be  placed  on  the  same  side  of  the 
web  (Fig.  406),  and  the  other  (8  in.  long)  suitable  for  rail  sections 
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Nos.  4  and  5,  where  two  bonds  may  be  placed  on  the  same  side  of  the 
web  {Fig.  407),  The  tenninals  of  the  bonds  are  expanded  into  the 
rail,  under  a  pressure  of  20  to  30  tons,  by  a  screw  or  hydraulic  press. 

The  screw  press  ia  shown  in  Fig.  408.  The  outer  (square -threaded) 
screw,  carrying  the  handwhoel  and  hexagonal  nut,  is  us^  for  clamping 
the  press  to  the  rail,  the  head  of  the  press  bearing  against  the  shoiuder 
of  the  bond,  and  the  end  of  the  screw  against  the  web.  The  inner  screw 
is  used  for  expanding  the  bond  terminal,  and  the  end  in  contact  nith  the 
bond  is  pointed.  When  this  screw  is  tightened,  the  bond  terminal  is 
expanded  into  the  rail,  and  a  button-head  is  formed  on  the  terminal  on 
the  opposite  side  to  the  shoulder. 

Where  welded  rail-joints  are  adopted,  it  is  general  practice  to  fix  one 
bond  over  the  joint  in  order  to  obtain  increased  conductivity. 

In  addition  to  bonds  between  the  rail-joints,  the  rails  are  cross- 
bonded  at  intervals  of  40  yds.,  and  on  double  track  cross-bonds  are 


fitted  between  the  tracks  at  intervals  of  80  to  100  yds.  At  junctions 
and  special  work  the  rails  should  be  bonded  independently  of  the  points 
and  croBsings. 

The  contact  resistanCfl  of  a  bond  terminal  in  a  rail  is  largely  influ- 
enced by  the  state  of  the  hole  and  the  terminal  at  the  time  of  bonding. 
In  order  to  obtain  the  minimum  contact  resistance,  it  is  necessary  that 
the  hole  and  the  bond  terminal  be  both  clean,  dry,  and  bright.  Tests 
have  shown  that  the  contact  resistance  of  a  j-in.  terminal,  in  a  rail 
with  a  web  1  in.  thick,  may  be  as  low  as  two  microhms  when  the  hole 
and  bond  are  very  clean.  A  thin  film  of  oil  or  oxide  on  the  bond  or  hole 
is  sufficient  to  increase  this  resistance  two  to  three  times  the  original  value. 

It  is  general  practice  to  bond  rails  weighing  100  lb.  per  yard  and 
above  with  two  4/0  (B.  &  S.gauge)bondBper  joint,  and,  when  these  bonds 
are  plficed  outride  the  fish-plates,  the  resistance  of  the  joint  would  be 
about  65  microhms,*  neglecting  the  conductivity  of  the  fish-plates. 

■  Obtained  aa  follows :  Length  of  each  bond,  30  in. ;  area  of  cross-section  (4/0 
B.  &  S.),  O'ltifl  Hq.  in. ;  resistance  (20°  C),  123  microhma;  total  contact- resistance 
per  bond  (say).  7  microhms;  total  reaiatance  per  bond,  130  nucrohma.  BeeUtance 
of  two  booda  in  parallel.  65  microhms. 
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The  latter,  however,  contribute  to  the  conductivity  of  the  joint,  but 
the  contact  resistance  at  the  fishing  surfaces  is  variable  and  cannot 
be  depended  upon.  With  fish-plates  properly  fitted  the  resistance  of 
the  joint  without  bonds  may  be  20  microhms  (or  less),  but  this  will  be 
considerably  increased  when  any  looseness  occurs  between  the  fish- 
plates and  the  rails.  Taking  the  value  of  20  microhms  for  the  resistance 
of  the  fish-plate  portion  of  the  joint,  the  total  resistance  of  the  above 
bonded  joint  (for  rails  weighing  105  lb.  per  yard)  will  be  about  17 
microhms,  which  is  equivalent  to  26  in.  of  the  rail.  With  protected 
type  8  in.  bonds  under  the  fish-plates,  the  resistance  of  the  joint  will 
be  about  12  microhms,  which  is  equivalent  to  16  in.  of  the  rail.  If, 
however,  the  contact  resistance  of  the  fish-plates  increcuses,  the  advan- 
tage of  the  short  bonds  will  be  much  greater. 


CHAPTER  XXIII 


CONDUCTOR  RAILS  AND  TRACK-WORK  FOR  ELECTRIC  RAILWAYS 

On  electric  railways  the  track  rails  in  many  cases  are  used  as  the  return 
conductor. 

The  bull-head  type  of  rail  is  used  for  the  track  by  all  the  large  rail- 
ways in  this  country,  while  the  Vignoles  or  flat-bottomed  rail  is  generally 
used  in  America.  Particulars  of  standard  sections  of  bull-head  rails 
are  given  in  Table  XXIV. 

TABLE    XXIV 
Data  of  Standard  Bull-head  Railway  Rails 


B.S.  seotion  (indioat 
ing  the  weight 
lb.  per  yard) 

Height  of  rail  (in.)     . 

Width  of  head  (in.)  . 

Thickness  of  web  (in.) 

Cross-sectional  area  j 
(sq.  in.)  ( 

Perimeter  (in.)  -     .    . 


60 

65 

70 

75 

80 

86 

90 

96 

4| 

4t 

5 

54 

5*  ' 

Hi 

5*1 

5H 

^"^ 

2i 

2tV 

^ 

2A 

2H 

2J 

2J 

it 

n 

i^ 

A 

A 

H 

1 

i 

5-87 

6*34 

6-88 

7-32 

7-8 

8-33 

8-81 

9-28 

16-04 

16-87 

17-85 

18-34 

18-76  ' 

18-93 

1901 

1 

19  06 

100 

i 

9-8 
1911 


The  chemical  composition  recommended  by  the  Engineering  Stan- 
dards Committee  is  : 


Carbon      .... 

Manganese 

Silicon  not  greater  than 

Phosphorus  not  greater  than 

Sulphur  not  greater  than 

Iron ..... 


0-35  to  0-5  per  cent. 

0-7  to  1-0  per  cent. 

0-1  per  cent. 

0*075  per  cent. 

0-08  per  cent. 

98-695  to  98*245  per  cent. 


Several  railways,  however,  have  their  own  special  composition  for 
rails,  and  in  many  cases  rails  made  by  the  Sandberg  process  are  in  use. 

Where  the  track  rails  are  used  as  the  return  conductor,  the  voltage 
droj)  in  the  rails  is  limited  to  seven  volts  on  systems  operating  with 
continuous  current,  and  to  about  fifteen  volts  on  systems  operating  with 
alternating  current  (since  electrolytic  effects  are  much  smaller  with  alter- 
nating current  than  with  continuous  current).  The  track-rail  joints  are 
bonded  in  a  manner  similar  to  those  on  tramways,  and  cross-bonds  are 
fixed  between  the  rails,  and  also  between  the  tracks,  at  frequent  inter- 
vals. On  alternating-current  railways  the  rails  are  also  bonded  to  the 
structures  supporting  the  overhead  conductors. 

482 
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The  ohmic  resistance  of  steel  rails  to  alternating  current  is  much 
higher  than  the  resistance  to  continuous  current,  due  to  the  non-uniform 
distribution  of  current  through  the  cross-section  in  the  former  case. 
On  account  of  the  magnetic  properties  of  the  rail,  the  alternating  current 
is  practically  confined  to  a  thin  surface  layer  of  a  few  millimetres.  In 
addition  to  this  increase  of  resistance,  the  magnetic  properties  of  the 
rail  considerably  increase  the  inductance.  If  alternating-current  trac- 
tion were  adopted  on  a  large  scale,  it  might  be  desirable  to  use  a  rail 
of  poor  magnetic  quality,  e.g.  one  containing  a  fairly  high  percentage 
of  manganese.  The  increased  cost  of  such  a  rail  would  have  to  be 
balanced  against  the  decreased  cost  of  feeders  and  the  wearing  qualities. 
The  inductance  and  resistance  of  rails,  and  their  influence  on  the  design 
of  feeders  for  alternating-current  railways  are  treated  in  Chapter  XXVI. 

On  continuous-current  railways  the  current  is  usually  supplied  to 
the  trains  through  one  or  two  conductor  rails,  the  latter  number  being 
adopted  when  the  track  rails  are  not  used  as  the  return  conductor. 
The  wear  on  conductor  rails  is  only  that  due  to  the  friction  of  the  col- 
lector shoes,  and,  as  the  strength  of  the  rail  is  unimportant,  the  design, 
as  far  as  the  cost  will  permit,  can  be  made  from  an  electrical  standpoint. 
The  principal  considerations,  other  than  conductivity  and  cost,  are  : 
(1)  the  contact  surface  available  for  the  collector  shoes;  (2)  the  shape 
of  the  section  (with  reference  to  installation  and  insulators) ;  (3)  the 
wearing  qualities.  < 

Steel  is  adopted  for  reasons  of  economy,  and  the  composition  is 
arranged  so  that  the  highest  conductivity  is  obtained  consistent  with 

the  above  conditions.    The  influence  of  the  chemical  composition 

of  iron  and  steel  on  the  electrical  resistance  is  shown  in  Table  XXV.* 


TABLE    XXV 

Variation  of  Resistance  of  Iron  and  Steel  with  Chemical 

Composition  (J.  A.  Capp) 


Imparities. 

Resist- 

1 

ance 
relative 

Tempera- 
ture. 

1 
Deg.  C. 

Remarks. 

1 

, 

Carbon. 

1     Man- 
ganese. 

per  cent. 

Phos- 
1  phorus. 

1 
per  cent 

Silicon. 

1 

SiUphur. 
per  cent 

to 
Copper. 

per  cent. 

per  cent 

• 

0-33 

1-27 

009 

0-05 

0-05 

13-2 

19 

\ 

0J7 

'    109 

009 

0004 

0064 

12-12 

20 

j-Track  rails. 

0-22 

1-08 

01 

0-06 

005 

11-51 

20 

0-36 

0-87 

008 

0-04 

009 

10-04 

19 

J 

0144 
005 

0-46 
019 

009 
0064 

Trace. 
003 

0-08 
0069 

8-42 

6-4 

23-5 
19 

}■  Conductor  rails.           | 

0-16 

0074 

0-12 

01 

0027 

7-41 

26 

Refined  bar  iron. 

0-08 

Nil. 

013 

0-024 

0-008 

7-11 

25-6 

^  Special   refined   bar 

017 

0-027 

0-074 

0077 

0022 

6-76 

25-6 

/     iron. 

006 

01 

0014 

0012 

Trace. 

6-17 

24 

Swedish  iron. 

♦  Transactums  of  American  ImtiiuJte  of  Mining  Engineers,  vol.  34,  p.  400.  Paper 
by  J.  A.  Capp  on  "  Tests  of  Steel  for  Electrical  Conductivity."  See  also  the 
investigations  of  Barrett,  Brown,  and  Hadfield  in  the  Transactions  of  the  Royal 
Society  of  Dvblin,  vol.  7,  Series  2,  Part  4. 
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Of  the  impurities  usually  found  in  steel,  carbon  and  manganese  have 
the  greatest  efiect  on  the  resistance.  Considering  pure  iron,  the  addi- 
tion of  carbon  increases  the  resistance  fairly  rapidly  until  0-3  per  cent, 
of  carbon  is  reached,  after  which  the  increase  of  resistance  is  practically 
proportional  to  the  increase  of  carbon.  Manganese  haa  a  much  greater 
effect  on  the  resistance  than  carbon,  until  about  10  per  cent,  of  man- 
ganese is  reaQhed,  after  which  the  addition  of  manganese  has  very  little 
effect. 

In  practice  the  steel  used  for  conductor  rails  has  a  specific  resistance 
of  about  seven  times  that  of  copper.  Table  XXVI  gives  data  of  the 
composition  and  resistance  of  conductor  rails  on  various  railways. 

Olassification  of  Oonductor  Bails. — ^The  conductor  rails  in  general 
use  may  be  divided  into  three  classes  according  to  the  position  of  the 

.'  ^^^^  contact    siuiace.      For    in- 

^  ^^^^  stance,  the  contact  surface 

may  be  either  at  the  top, 
bottom,  or  side  of  the  rail. 
Hence  the  classification  of 
the  rails  becomes  :  (1)  top- 
contact  rails,  (2)  under^con- 
tact  rails,  (3)  side-contact 
rails. 

The  top-contact  rail  is 
used  universally  for  low- 
voltage  (600  volts)  electrifi- 
cations in  this  country,  while 
the  side-contact  rail  has 
recently  been  developed  for 
the  1200- volt  electrification 


too  ^.peryawd 


L^^jtrsi^. 


Fig.  409. — Method  of  Mounting  **  Vignoles 
Type  Conductor  Rails. 


of  the  Manchester-Bury  section  of  the  Lancashire  and  Yorkshire  Rail- 
way. The  under-contact  rail  has  been  developed  by  the  General 
Electric  Company  (U.S.A.)  for  high-  and  low-voltage  lines. 

The  type  of  section  adopted  for  top-contact  conductor  rails  is  usually 
the  Vignoles  or  flat-bottomed  section,  although  channel  and  special 
rectangular  sections  have  been  used  in  some  installations.  The  con- 
ductor rails  for. the  early  electric  railways  were  of  channel  section,  and 
were  very  light  in  weight,  the  original  conductor  rail  (installed  in  1890) 
on  the  Qty  and  South  London  (tube)  Railway  weighing  only  10  lb.  per 
yard.  The  conditions  of  modern  traffic,  however,  require  a  much  heavier 
rail,  and  sections  weighing  100  lb.  per  yard  are  generally  used  for  urban 
and  suburban  railways. 

For  under-contact  conductor  rails  a  bull-head  section  is  usually 
adopted,  although  a  sx)ecial  channel  section  (described  below)  has  been 
developed  for  high-voltage  work. 

For  side-contact  conductor  rails  a  special  angle  section  is  adopted. 

Drawimrs  of  typical  sections  showiag  the  insulators  and  the 

methods  of  mounting  are  given  in  Figs.  400-415.  Fig.  409  shows  the 
type  of  rail  and  insulator  which  has  b^n  standardised  for  low-voltage 
electrification  in  this  country.  The  rail  (which  usually  weighs  100  lb. 
per  yard)  rests  on  a  malleable-ircm  cap  which  is  fixed  to  the  top  of  a 
petticoated  "pedestal  type"  porcelain  insulator,  the  latter  being  iUus- 
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tratedin  detail  in  Figs.  410,  421.  The  base  of  the  ineulator  rests  directly 
upon  one  of  the  sleepers  carrying  the  track  railt).  and  is  secured  in  position 
by  two  malleable -iron  clamps.  The  insulator  ia  a  considerable  improve* 
ment  over  the  earlier  types  with  metal  bases,  as  the  whole  distance  be- 
tween the  sleeper  and  the  conductor  rail  is  utilised  for  insulation,  thereby 
obtaining  a  maximum  length  of  leakage  path.  The  wide  petticoat  is 
also  advantageous  in  keeping  the  lower  part  of  the  insulator  dry. 

Fig.  411  shows  the  type  of  conductor  rail  and  tubular  insulator 
in 'use  on  the  tube  railways  of  the  London  Electric  Railways.  The 
difference  hi  the  shape  of  the  insulators  for  the  positive  and  negative 


Fio.  410. — Doiilton's  "pBdeatal"  iQsulator  [or  "Vignolea"  Type  Conductor  lUili- 

conductor  rails  is  due  to  the  short  length  of  the  sleepers.  The  location 
of  the  insulators  and  conductor  rails  with  respect  to  the  track  rails  can 
be  seen  in  Figs.  417,  420. 

The  method  (developed  by  the  General  Electric  Company)  of  eup- 
porting  and  insulating  conductor  rails  of  the  under-contact  type  isshonn 
in  Fig.  412.  The  conductor  rail  is  supported  from  cast-iron  bracket* 
(fixed  to  the  sleepers)  by  means  of  special  porcelain  insulators,  whieh 
are  in  halves  and  are  held  in  position  by  a  hook  bolt.  The  portion 
of  the  rail  between  the  insulators  is  protect«d  by  either  wooden  or  fibre 
protection,  so  that  only  the  lower  (or  contact)  surface  of  the  rail  is  exposed- 
One  advantage  of  this  type  of  rail  is  that  the  contact  surface  is  prot«cl«<l 
from  snow,  sleot,  and  ice.  This  type  of  rail  is  in  use  on  the  New  York 
Central,  Pennsylvania,  and  other  railways  in  America. 

Conditctor  RailB  for  High-voltage  Oircait&.-~Wben  conductor 
rails  are  to  be  used  on  high-voltage  cu'cuits,  the  insulation  and  pro- 
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tection  of  the  rail  muHt  be  given  special  coneideration.  As  far  as  pro- 
tection is  concerned,  the  under-contact  and  aide-contact  types  possess 
advantages  over  the  top-contact  type,  and  although  the  latter  type  of 
rail  is  in  service  for  2400  volts,*  the  former  types  are  usually  adopted 
for  1200,  1500,  or  2400  volts. 


fio.  41 1,— Method  of  Mounting  ■■  Solid  "  Type  Conductor  BaiU, 

The  under-contact  rail,  illustrated  in  Fig.-  413,  has  recently  been 
developed  by  the  General  Electric  Company  for  2400  volts.  The  general 
features  of  the  low-voltage  type  (shown  in  Fig.  412)  have  been  re- 
tained, but  the  insulation  and  protection  have  been  modified.  The  con- 
ductor rail  (of  bull-head  section)  is  held  in  special  clips  which  are  fixed 


Flo.  412. — Method  of  Mounting  Umlei 


between  two  insulators  in  the  manner  shown  in  Fig.  413.  The  protection 
consists  of  an  inverted  trough  of  wood,  which  is  maintained  in  position 
on  the  conductor  rail  by  means  of  porcelain  distance  piecei<. 

Anothertypeofunder-contactconductorrailisshowninFig.  414.  Thitt 
type  of  rail  has  been  designed  by  Messrs.  Merz  &  Redman  for  1500-volt 
railways,  and  has  the  special  feature  that  double  insulation  is  adopted. 


p.  370. 


*  On  the  Michigan  Central  Railroad. 


c  liailway  JourtuU, 


.  U. 
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The  conductor  rail  i>  is  of  special  chatmel  section,  and  is  supported  on 
auxiliary  insulators  C,  which  are  placed  on  the  upper  part  of  the  bracket 
B.  This  bracket  is  fixed  to  the  main  insulator  A,  which  is  of  the  pedestal 
type  (Fig.  410),  and  is  fixed  to  the  deeper  in  the  usual  maoner.  The 
protection  £  is  of  stoneware  or  fibre.  An  important  feature  of  the 
design  is  that  the  rail  is  suitable  for  systeniB  on  which  the  clei^ances 


between  structure   and  loading  gauges  are  restricted,  these  conditions 
preventing  the  use  of  the  G,-E.  under -contact  rail  (Fig.  413). 

The  side-contact  type  of  conductor  rail  is  due  to  Mr.  J.  A.  F. 
Aspinatl,  and  is  installed  on  the  Manchester -Bury  (1200-voIt)  section 
of  the  Lancashire  and  Yorkshire  Railway.  A  drawing  of  the  rail,  show- 
ing the  protection  and  method  of  mounting,  is  given  in  Fig.  415,*  uhile 


tay)  for  tlio  illuHlm 


uiaoor 
s  of  th 


CONDUCTOR  RAILS  AND  TRACK-WORK,  ETC.      499 

a  view   of  the  track  equipped  with  this  type  of  rail    is  shown  in 
Fig.  416 .• 

Referring  to  Fig.  415,  the  conductor  rail  C  (which  weighs  85  lb, 
per  yard)  rests  upon  a  block  of  wood  B  located  in  a  recesa  formed  in 


Fio.414. — Merz- Redman  Under-  Flo.41fi. — Aspinall  Side- 

contact  Conductor  Rail  for  contact     Conductor 

1500  Volts.  Rail  for  1200  Volts. 

the  top  of  the  porcelain  insulator  A.  The  latter  is  of  the  pedestal  type, 
and  is  fixed  to  the  sleeper  in  the  usual  manner.  The  two  wooden  pro- 
tecting guards,  E,  F,  project  1  in.  below  the  flange  of  the  conductor  rail, 


and  thus  prevent  the  possibility  of  the  permanent-way  staff  coming 
into  contact  with  the  underside  of  the  rail.  This  projection  of  the 
guards  below  the  flange  of  conductor  rail  also  prevents  transveree  move- 
ments of  the  latter. 

*  3e«  Fig,  239  (p.  2tJ4)  Cut  views  of  the  collector  shoe. 
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Attention  must  be  directed  to  the  shape  of  the  inner  protecting  guard 
F,  This  guard  is  sawn  out  of  the  solid  in  order  to  avoid  the  possibility 
of  any  nails  or  screws  coming  into  contact  with  the  conductor  rail. 

The  protecting  guards  rest  upon  Jedges  formed  on  the  insulator, 
while  the  guards  and  the  conductor  rail  are  maintained  in  their  correct 
positions  by  means  of  distance  pieces  D,  spring  clips  0,  and  keys  H 
(which  are  standard  permanent- way  keys).  The  distance  pieces  D  are 
placed  at  intervals  where  it  is  found  that  they  are  necessary.  In  this 
manner  a  space  \  in.  wide  is  obtained  between  the  flange  of  the  con- 
ductor rail  and  the  outer  protecting  guard,  so  that  no  accumulation  of 
water  can  occur  inside  the  guards. 

The  positions  of  the  conductor  rails  with  respect  to  the  track  rails 
will  depend  on  the  type  of  conductor  rail  and  the  rolling-stock  gauge. 
In  this  country  the  following  standard  positions  have  been  adopted  for 
top-contact  conductor  rails  : — 

(a)  When  the  conductor  rail  is  located  between  the  track  rails:  centre- 
line of  conductor  rail  to  coincide  with  the  centre-line  of  the  track  rails, 
and  the  top  of  conductor  rail  to  be  1^  in.  above  the  top  of  track  rails. 

(6)  When  the  conductor  rail  is  located  outside  the  track  rails:  centre- 
line of  conductor  rail  to  be  1  ft.  7^  in.*  from  gauge  line  of  nearest  track 
rail,  and  the  top  of  conductor  rail  to  be  3  in.  above  the  top  of  track  rails. 

Oross-sections  of  single  track  for  typical  electric  railways  are  given 
in  Fig.  417.  In  these  diagrams  the  protection  of  the  rail  at  stations  is 
also  shown,  this  protection  (for  top-contact  rails)  being  in  the  form  of 
wooden  boards  fixed  on  each  side  of  the  conductor  rail. 

Diagram  A  refers  to  the  London  and  South-Westem  Railway,  on 
which  the  track  rails  are  used  as  the  return  conductor. 

Diagram  B  refers  to  the  600-volt  (Liverpool-Southport)  system  of 
the  Lancashire  and  Yorkshire  Railway,  on  which  the  track  rails  and  an 
uninsulated  conductor  rail  (located  between  the  track  rails)  are  used 
as  the  return  conductor.  The  joints  in  both  conductor  rails  are  bonded, 
and  the  track  rails  are  cross-bonded  to  the  uninsulated  conductor  rail  at 
each  joint. 

Diagram  C  refers  to  the  1200- volt  (Manchester-Biuy)  system  of  the 
Lancashire  and  Yorkshire  Railway.  In  this  case  the  uninsulated  return 
rail  is  of  square  cross-section  in  order  to  reduce  the  area  exposed  to  the 
atmosphere,  and  therefore  minimise  corrosion. f 

Diagram  D  refers  to  the  Metropolitan  and  District  (London)  Rail- 
ways, and  the  London  suburban  system  of  the  London  and  North- 
western Railway,  on  which  systems  insulated  positive  and  negative 
conductor  rails  are  adopted. 

Diagram  E  refers  to  the  track  construction  on  the  London  Electric 
(tube)  Railways. 

Diagram  F  is  typical  of  the  track  construction  adopted  for  the  under- 
contact  conductor  rail. 

The  Bonding  of  the  Oondnctor  Rails. — As  the  conductor  rails 
are  used  solely  as  electrical  conductors,  and  on  a  large  system  may  have 

*  Thifi  dimension  is  16  in.  for  the  London  Rculways. 

t  The  corrosion  of  conductor  rails  is  considerably  greater  than  that  of  track  rails. 
See  Mr.  Aspinall's  Presidential  Address,  Proceedings  of  the  Institution  of  Mechanical 
Engineers  (1909),  p.  436. 
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to  carry  currents  of  2000  amperes  for  short  periods,  it  is  necessary  to 

bond  the  joints  to  the  full  current-carrying  capacity  of  the  rail    The 

bonds  are  similar  in  tjrpe  to  those  used  on  tramways,  but  are  flexible, 

shorter,  and  of  larger  cross-section.  With 

the  Vignoles  type  of  conductor  rail  the 

bonds  are  usually  fixed  to  the  foot  or 

flange,  while  for  the  solid  type  (Fig. 

411)  they  are  located  at  the  sides  of  the 

rail. 

A  typical  bond  (for  the  Vignoles 
type  of  rail)  is  shown  in  Fig.  418,  and  a 
drawing  showing  a  bonding  for  a  1001b. 
conductor  rail  is  given  in  Fig.  419. 

Table  XXVII  gives  particulars  of  the  bonding  of  conductor  rails  for 
the  railways  in  this  country. 

Feeder  cables  (and  jumper  cables)  may  be  connected  to  the  conductor 
rails  by  means  of  either  several  bonds  with  cable  sockets,  or  a  special 
copper  plate  (which  is  provided  with  cable  sockets)  bolted  to  the  web  of 
the  rail.    An  example  of  the  latter  method  is  shown  at  il  in  Fig.  420. 

At  cross-overs  and  special  track-work  it  is  necessary  to  insert 
gaps  in  the  conductor  rails.  The  continuity  of  the  various  conductor 
rails  of  similar  polarity  is  maintained  by  jumper  cables. 


Fig.  418. — Flexible  Bond  for 
ConductorjRails. 


Fia.  419. — Bonding  for  100-lb.  Conductor  Rails.     Note. 

a  cross-section  of  0-36  sq.  in. 


-Each  bond  ha'* 


In  Fig.  420  is  shown  a  view  of  the  conductor  rails  at  a  cross-over 
road.  It  will  be  observed  that  the  ends  of  the  conductor  rails  are 
formed  into  ramps,  by  means  of  which  the  collector  shoes  are  prevented 
from  fouling  when  a  train  is  passing  over  the  special  track-work. 

In  order  that  the  supply  of  current  to  the  train  shall  not  be  inter- 
rupted when  it  is  passing  over  special  track-work,  the  distance  apart 
of  the  front  and  rear  collector  shoes  must  be  greater  than  the  longest 
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gap  in  the  conductor  rails.  In  some  cases  (for  example,  in  locomotives, 
single  motor-coaches,  and  motor-coach  trains  for  tube  railways,  where 
no  "  bus  lines  "  are  fillowed  on  the  train)  it  will  not  be  possible  to  fulfil 


lis 

Sis 
lill 


§11  = 

His 


this  requirement,  and  under  these  circumstances  the  train  will  have  to 
coast  over  the  gap. 

At  large  freight  yards  it  will  not  be  possible   to  instal  conductor 
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rails,  as,  in  addition  to  the  complication  to  the  track  and  the  danger 
to  the  shunters,  the  lengths  of  the  gaps  would  be  too  great  to  be  bridged 
by  the  collector  shoes  on  a  locomotive,  and  in  shunting  operations  it 
is  essential  that  the  locomotive  should  be  able  to  obtain  current  at  any 
position.  Overhead  work  must  therefore  be  erected  at  these  places, 
and  the  locomotive  must  be  equipped  with  a  bow  collector,  as  shown  in 
Fig.  307,  p.  375. 

The  conductor  rails  are  divided  into  sections  of  convenient  length, 


W^ 


Fid.  421.— Detail  of  Doulton's  Conductor  Roil  InsulatorH. 
and  Method  of  Anchoring  Conductor  Rnil  (London 
and  North-WeBtem  RnilwHy). 

and  the  section  insulators  are  usually  arranged  near  the  sub-stations. 
[The  feeding  and  switching  arrangements  for  the  conductor  rails  and 
section  insulators  are  discussed  in  Chapter  XXVI.]  Each  section  is 
anchored  at  one  point,  either  by  bolting  to  the  rail  a  special  anchor 
clip  and  anchoring  one  of  the  insulators,  as  shown  in  Fig.  421,*  or  by 
means  of  insulated  anchor  ties. 

•  MesBre,  Doulton  &  Co,  (to  whom  the  author  in  indebted  tor  Figa.  410,  421) 
have  informed  the  author  that  the  type  of  anchor  insulator  illustrated  in  Fig.  421, 
and  the  method  of  anchoring  to  the  aleeper.^are  covered  by  their  patent,  but  the 
special  mil  clips  used  in  conjunction  with  the  anchor  insulators  are  covered  by  the 
patent  of  Mr.  H.  Scott,  of  the  London  and  North-Western  Railway.  The  method 
of  anchoring  has  also  been  adopted  on  the  London  and  South- We«tem  Railway. 
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CHAPTER   XXIV 
OVERHEAD  CONSTRUCTION  FOR  TRAMWAYS 

The  overhead  trolley  system  for  tramways  is  very  extensively  used  in 
this  country  and  America.  At  the  present  time  (1916)  it  is  estimated 
that  there  are  approximately  2500  route  miles  of  overhead  construction 
in  Great  Britain. 

Overhead  construction  has  been  standardised  for  a  number  of  years, 
and  modem  installations  show  only  improvements  in  a  few  details. 
The  Board  of  Trade  require  the  overhead  conductor  or  trolley-wire  to 
be  erected  at  a  minimum  height  of  17  feet  above  the  street  surface 
(except  under  bridges),  and  to  be  supported  at  intervals  not  greater 
than  120  feet.  Further,  each  trolley-wire  must  be  divided  into  sections, 
not  exceeding  one-half  of  a  mile  in  length,  with  an  emergency  switch 
between  every  two  sections. 

In  addition  to  satisfying  the  Board  of  Trade  requirements,  the 
trolley- wire  must  be  designed  to  fulfil  its  function  as  an  electrical  con- 
ductor and  to  withstand  the  mechanical  stresses  due  to  temperature 
variation,  &c.  The  material  in  general  used  is  hard-drawn  copper, 
although  various  silicio-bronze  alloys  (which  have  better  wearing 
qualities  than  copper)  have  been  used  to  a  limited  extent.  The  mecha- 
nical and  electrical  properties  of  hard -drawn  copper  trolley- wire  and 
an  alloyed  trolley-wire  are  given  in  Tables  XXVIII,  XXIX,  from  which 
it  will  be  observed  that  the  alloyed  wire  has  a  tensile  strength  approxi- 
mately 35  per  cent,  greater  than  that  of  copper.  The  resistance  of  the 
alloyed  wire,  however,  is  133  per  cent,  greater  than  that  of  copper,  so 
that  the  use  of  the  former  would  require  a  greater  cross-section  in  the 
feeders.  It  has  been  suggested  *  that,  for  heavy  traflftc,  a  small  size 
(No.  0  S.W.G.)  of  alloyed  wire  should  be  used  for  the  trolley-wire,  and 
that  a  bare  copper  wire  be  connected  in  parallel  with  it  to  reduce  the 
resistance.  One  reason  for  adopting  this  arrangement,  instead  of 
using  copper  trolley-wires  of  large  size,  is  that  the  wearing  qualities  of 
hard-drawn  copper  wire  are  not  directly  proportional  to  its  weight, 
on  account  of  the  hardness  being  confined  to  the  outer  skin.  The  small 
alloyed  wires,  being  uniformly  hard  throughout,  have  better  wearing 
qualitieB  than  large  copper  wires,  and  also  have  sufficient  mechanical 
strength  for  tramway  purposes. 

*  Paper  on  "  Suggested  Economics  in  Tramway  Working,"  by  R.  G.  and  J.  O 
CunlifFe  (Municipal  Tramways  Association,  Annual  Convention,  September  1908). 
See  The  Electrician,  vol.  61,  p.  1003. 
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TABLE  XXVIII 
Properties  and  Data  of  Hard-drawn  Copper  Trolley-wire 


Ultimate  tensile  strength 
Elastic  limit 

Young's  modulus  of  elasticity 
Specific  resistance  (60°  F.)     . 


23-26  tons  per  sq.  in. 
7-5-12-5  tons  per  sq.  in. 
18  X  10"  lb.  per  sq.  in. 
0-69  X  10"'  ohm  per  in.  cube. 


Gauge. 

Diameter. 

Cross- 
section. 

Breaking 
Tx>ad. 

lb. 
7570 
6500 
5600 
4900 
4220 

Elastic 
Limit. 

lb. 
2470 
2120 
1840 
1600 
1380 

Weight. 

SasUtance  {W  F.). 

Per 

1000  Ft 

lb. 
566 
484 
419 
367 
317 

Per  Mile. 

Per 

1000  Ft 

Per  Mile. 

S.W.G. 
5/0 
4/0 
3/0 
2/0 
1/0 

1 
In.             sq.  in. 
0-432        0-147 
0-4            01257 
0-372        0-1087 
0-348        0095 
0-324        0-082 

lb. 
2990 
2560 
2212 
1935 
1670 

(dims. 
0-0564 
0-066 
0-0756 
0-087 
0-11 

ohma. 

0-297 

0-347 

0-4 

0-46 

0-533 

TABLE   XXIX 

Properties  and  Data  op  Alloyed  **  Phono-Electric  " 

Trolley-wire 


Ultimate  tensile  strength 

Elastic  limit 

Specific  resistance  (60°  F.) 


31-35  tons  per  sq.  in. 
24-26  tons  per  sq.  in. 
1-61  X  10"'  ohm  per  in.  cube. 


Oange. 

4/0 
3/0 
2/0 
1/0 

Diameter. 

Cross- 
section. 

sq.  in. 
0-166 
0-132 
0-104 
0-083 

Breaking 
Load. 

Elastic 
Limit. 

Weight. 

Resistance  (60"  F.). 

Per 

1000  Ft. 

Per  Mile. 

Per 

1000  n. 

Per  Mile. 

In. 
0-46 
0-4096 
0-365 
0-325 

1 

lb. 

11460 

9140 

7400 

6300 

lb. 
9200 
7340 
5840 
4550 

lb. 

640 

508 

403 

319 

lb. 
3382 
2682 
2127 
1687 

ohms. 
01 16 
0147 
01 865 
0-2.34 

0-612 
0-776 
0-985 
1-235 

Trollev-wire  can  be  obtained  with  circular  and  grooved  cross- 
sections,  tne  latter  being  used  to  a  large  extent  in  modem  installations. 
The  advantages  of  grooved  wire  are : — 

(1)  The  suspension  fittings,  or  ears  (Pig.  422),  can  be  clipped  to  the 
wire,  whereas  with  circular  wire  these  fittings  must  be  soldered,  and  con- 
sequently the  physical  properties  of  the  wire  may  be  affected  by  this 
process. 

(2)  The  wire  can  be  erected  quickly. 

(3)  The  mechanical  fittings  (for  ordinary  grooved  wire)  can  be  de- 
signed to  offer  practically  no  obstruction  to  the  trolley  wheel,  so  that 
smooth  running  and  freedom  from  bumping  and  sparkingjare  obtained. 
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thereby  resulting  in  low  maintenance  costs.     On  the  other  hand,  soldered 
.  fittings  introduce  some  obstruction  to  the  running  of  the  trolley  wheel, 
since  the  arc  of  contact  between  fitting  and  wire  is  usually  greater  than 
180  degrees  (see  Fig.  424). 

The  latest  development  in  grooved  wire  is  illustrated  in  Fig.  421a,  in 
which  is  shown  a  cross-section  of  the  "  channel "  trolley  wire  developed 
by  Messrs.  The  British  Insulated  and  Hekby 
Cables.  This  wire  possesses  all  the  merits  of 
circular  and  grooved  wires,  with  the  additional 
important  advantage  that  it  admits  of  the 
nse  of  mechanical  fittings  which  give  excep- 
tionally smooth  running  to  the  trolley  wheel 
(see  Fig.  422,  C,  for  view  of  mechanical  fitting 
with  length  of  wire  in  position) . 

With  reference  to  tne  sizes  of  trolley-wire 
in  use,  the  Electrician  tables  ♦  show  that  all 
the  sizes  in  Table  XXVIII  have  been  adopted, 
the  smaller  sizes  (0  and  2/0)  on  small  systems, 

and  the  larger  sizes  (3/0  and  4/0)  on  large  Vio.  421a. — PreBcot  '■Chan- 
systems,  while  the  5/0  size  is  in  use  at  Man-  jel  "Trolley- wire  (BritiBh 
Chester  for  the  heaviest  traffic.  o^^^  ^ 

The  trolley-wire  is  supported   and  in- 
BOlated  from  a  transverse  span- wire  by  means  of  an  insulated  steel  bolt 
screwed  into   a  gim-metal  ear  attached  to  the  troUey-wire,  the   bolt 
being  held  in  a  hanger  attached  to  the  span-wire. 

various  types  of  ears  for  circular  and  grooved  wire  are  illustrated 
in  Fig.  422. 

The  BnBpenslon  bolts  (Fig.  422a)  are  of  two  standard  sizes  (|  in.  and 
}  in.),  and  are  insulated  with  moulded  insulation  f  (around  the  head  and 
body)  to  standard  overall  dimensions,  so  that  only  one  size  of  hanger 
is  required 

The  various  types  of  hangers  are  shown  in  Fig.  423,  while  a  cross- 
section  of  a  straight-line  hanger,  with  bolt  and  ear  in  position,  is  shown 
in  Fig.  424. 

On  curves  it  is  necessary  to  arrange  that  the  span-wire  is  attached 
to  the  hanger  at  the  same  level  as  the  trolley-wire,  otherwise  the  hanger 
will  be  pulled  out  of  the  vertical.  Hangers  for  curves  are  called 
"pnll-ofl^,"  the  double  pull-o9  being  used  when  both  sides  of  the 
span-wire  are  in  tension. | 

The  span-wire  is  of  stranded  galvanised  or  sherardised  steel,  having 
properties  as  given  in  Table  XXX.  The  wire  may  extend  the  whole 
width  of  the  road  (in  which  case  it  is  attached  to  poles  on  each  side  of 
the  road),  or  a  short  length  of  span-wire  carrying  the  hanger  may  be 
attached  to  brackets  carried  from  poles  at  the  side  or  the  centre  of  the 
tracks.  These  types  of  construction  are  known  as  span-wire,  side-pole, 
and  centre-pole.  The  first  two  are  the  more  common,  as  centre-pole 
construction  is  only  adapted  for  wide  streets  or  private  right-of-way, 
and  its  use  requires  the  sanction  of  the  Board  of  Trade. 

*  Tableti  of  Electric  Tramways  and  Railways  uf  the  United  Kingdom. 

t  Moulded  insulation  tor  tramway  fittings  is  usually  composed  of  tuibostos. 
powdered  loica,  ahettac,  &o.,  and  is  compregaed  to  the  required  shape  at  a,  high 
temperature. 

t  See  Fig.  427  (p.  517)  for  the  use  of  doublo  and  single  pull-ufTs  at  curves. 
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TABLE    XXX 

PbOPEBTIBS   AMD   DaTA   OF  GALVANISED   StEEL  SpaN-WIBE 

Ultimate  tensile  atrongth        .  .   29  tons  per  aq.  in. 

Elastic  liniit         .         .  .  20        „        „ 


Gauge. 

Diftmeterof      Diameter        Breaking 
eacll  Strand.       over  aU.     1        Load. 

Elaatie 
Limit. 

"is^'pr 

a.w.o. 
7/10 
7/12 
7/H 

o'l'26 
0-104 
0-083 

'1'         j      -1550 
i               2400 

sloo, 

2700 
1680 

lb. 
287 
186-6 
123-4 

t 


Side-pole  COnstmction  is  generally  used  with  single  track,  and  with 
double  track  in  narrow  streets.  The  Board  of  Trade  limit  the  maximum 
length  of  the  bracket-arm  to  16  ft.,  which  allows  the  trolley-wire  to  be 
fixed  at  a  maximum  distance  of  about  14  ft.  from  the  kerb.  A  swivel- 
ling trolley-head  (see  p.  273)  will  allow  satisfactory  operation  to  be 
obtained  with  the  trolley-wire  6  ft,  from  the  centre  of  the  track,  so  that 
under  these  conditions  the  centre  of  the  track  can  be  20  ft.  from  the 
kerb.  By  working  to  these  extreme  limits  we  could  use  this  construe- , 
tion  with  double  track  in  streets  32  ft.  wide,  and  with 
f-  single  track  in  streets  40  ft.  wide.  It  is  not  always 
desirable,  however,  to  work  to  these  limits,  so  that  span- 
wire  construction  is  frequently  adopted  in  streets  below 
30  ft.  in  width. 

Span-wire  conBtmction  is  suitable  for  double  track 
in  any  width  of  street,  and  is  the  only  type  of  construc- 
tion i'l  use  on  some  of  the  large  tramway  systems. 

In  each  type  of  construction  the  span-wire  is  insulated 
from  the  poles,  and,  since  the  trolley-wire  is  insulated 
from  the  hangers,  there  is,  therefore,  double  insulation 
between  the  trolley -wire  and  earth. 

The  insulators  for  ^e  span-wire  may  consist  of 
moulded  material  or  of  porcelain  *  [the  latter  being  of 
recent  introduction),  but  in  each  case  the  insulation  must 
be  arranged  so  that  it  is  subjected  only  to  compressive 
stresses.  Illustrations  of  typical  insulators  are  given  in  Fig.  425,  while 
the  mechanical  and  electrical  properties  of  some  of  the  insulators  are 
given  in  Table  XXXI. 

•  Porcelain  ie  preferable,  in  ii>any  toses.  tc)  moulded  insulation  tor  Btrain 
insulatori.  In  thia  connection  see  a  paper  on  "  Overhead  Elcctrolyadij  aad  Poroe- 
luiii  Strain  IiisulutorH  "  by  8.  L.  Foster,  in  which  some  operating  featurea  of  porcelain 
and  moiildud  insulators  hit  given  {PToctiding»  of  tkt  American  Inttitute  ofEleclricai 
Kn-iinrera,  vi>l.  34.  p.   1549). 

Tho  adviintii)(tw  Hiiil  dlHadvunliigi'it  of  iHfrcflAiii  and  iiiiiidde<l  atruiu  iuBulators 
for  Irainway  pui'ixMOH  am  discuxHod  in  u  pupor  by  MesHrti.  Tweedy  and  Dudgeon, 
.      -  ".  ^f<  ^jgfif^gi  gj  tiig  Ijigtiluiion  of  EUctriaU 


Flo.      422a.— 

of  I'  Insula- 
ted Sofllien- 
sion  Bolt. 
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TABLE   XXXI 
Elbctbicai.  and  Mechanical  Peopertibs  of  Strain  Insulators 


Average 

Average 

Ultimate 

Breakdown 

Type  of  Insulator. 

Size. 

Mechanical 

Voltage    . 

Strength. 

(Dry). 

OB  composition  (Fig.  425,  A) 

21  in.  diameter 

lb. 
7,000 

14,000 

06  composition  (Fig.  426,  A) 

2f  in.  diameter 

9,000 

14,000 

Porcelain  strain  (Fig.  426,  F)* 

3  in.  X  If  in.  (^  in.  holes) 

2,000 

20,000 

Porcelain  strain  (Fig.  426,  F)  f 

4}  in.  X  2|    in.    (^    in. 

holes) 

10,000 

30,000 

V.P.  link  (Fig.  426,  Q) 

2i  in.  X  2^  in. 

5,200 

22,000 

V.P.  link  (Fig.  425,  0) 

• 

3  in.  X  3  in. 

6.000 

30,000 

*  Suitable  for  light  pull-off  wires.     Working  load  550  lb. 

t  Suitable  for  heavy  pull-off,  span,  and  anchor  wires.     Working  load  2600  lb. 

The  "  O.-B."  strain  insulator  (manufactured  by  the  Ohio  Brass  Co.) 
is  shown  at  A  (Fig.  425),  and  represents  the  latest  development  in 
moulded  insulators  of  the  '*  globe  "  type.  The  strain  is  carried  by  two 
malleable-iron  castings,  one  of  which  is  compressed  over  the  other. 
The  insulation  between  the  castings  consists  of  mica,  and  composition 
insulation  is  moulded  around  the  central  portion  of  the  castings  to 
protect  the  mica  insulation  from  the  weather  and  to  increase  the 
leakage  surface.  This  composition  insulation  is  securely  locked  in 
position  by  the  cup-shaped  flanges  formed  near  the  eyes  of  the 
castings. 

The  Brooklyn  insulator — shown  at  jB,  Fig.  425 — is  adjustable,  and 
is  insulated  with  moulded  material.  This  insulator  is  only  used  to  a 
limited  extent  in  modem  installations. 

Porcelain  strain  insulators,  suitable  for  span-wire  construction,  are 
shown  at  E,  F,  0,  H,  Fig.  426.* 

Examples  of  overhead  construction  showing  the  application  of 

some  of  these  insulators  to  side-pole  and  span-wire  construction  are 

given  in  Fig.  426.  Diagram  A  shows  the  use  of  "  globe  "  strain  insu- 
itors  for  side-pole  construction,  while  B  represents  the  more  modern 
construction  with  porcelain  insulators,  and  at  C,  D,  E  are  shown  several 
alternative  methods  for  span- wire  construction,  all  of  which  are  in  use  in 
this  country. 

At  F  and  O  axe  shown  the  two  methods  of  construction  which  have 
been  adopted  on  the  railless  traction  systems  in  this  country. 

It  will  be  observed  from  these  diagrams  that  the  trolley-wire  is 
flexibly  supported  from  the  poles.  This  feature  is  essential  in  all  over- 
head tramway  and  railway  construction,  as  any  rigid  parts  in  the  trolley- 

*  The  insulator  shown  at  H  (Fig.  425)  is  one  unit  of  the  *'  chain  "  type  of  insulator 
developed  by  Messrs.  Vedovelli  Priestley  (Paris)  for  high-voltage  hues,  and  has 
been  adopted  as  a  strain  insulator  by  some  of  the  tramways  in  this  country. 
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wire  will  be  subjected  to  hainraering  from  the  collector,  and  will  be  liable 
to  excessive  wear. 

At  curved  track  the  trolley-wire  is  maintained  in  position  by  means 
of  pidl-off  wires.     As  the  tension  in  some  cases  may  be  considerable, 


Kio.  422— Types  ot  Ears  for  Trolley-wiro  (BritiHh  losuUtod  and 

Helaby  Cables). 

A.  Straight-line  Holdurod  ear  [or  circular  wiro. 

B.  Straight-line  mechanical  ear  for  grooved  wire. 

(/.  Straight-line  ear  for  Preacot  channel-grooved  wire,  with  length  of 


D.  Ribbed  < 

E.  Splicing  ea 

F.  Combined  i 


for  CI 


it  is  usual  to  employ  globe  and  Brooklyn  strain  insulators  for  insulating 
the  pull-off  wires  from  the  (K>les. 

The  poBltion  of  the  trolley-wire  relative  to  the  track  depends  on 
the  type  of  car,  length  and  elevation  of  trolley-pole,  super-elevation  of 
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track,  &c.  The  ideal  position  can  be  obtained  from  a  track  |^an  by  using 
a  plan  of  the  car  wheel-ba«e  and  trolley-pole  as  a  template  (as  indicated 
in  Fig,  427),  allowing  for  super-elevation  of  the  track  when  necessary. 


It 


1.1 


I 


I 


In  practice  this  position  of  the  trolley-wire  would  require  the  use  of  too 
many  puU-oft  wires,  and  it  is  approximated  by  a  number  of  straight 
sections,  with  the  angle  between  sections  limited  to  a  minimum  of  about 
160  degrees,  in  order  to  avoid  too  sudden  a  change  in  the  direction  of 
motion  of  the  trolley-head.     This  point  is  of  special  importance,  as 
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sudden  changes  in  the  direction  of  motion  of  the  trolley -head  not  only 
cause  excessive  wear  on  the  wire,  but  also  increase  the  risk  of  the  trolley- 
wheel  leaving  the  wire^.  The  ears  used  on  curves  should,  therefore,  be 
longer  and  stronger  than  those  on  straight  track. 

With  regard  to  the  number  of  ptdl-offs  on  right-anffle  curves, 

the  general  practice  is  to  instal  seven  on  curves  of  small  raidius  (50  ft.) 
and  nine  or  more  on  curves  of  larger  radius,  since  the  larger  the  radius 
of  the  curve  the  higher  the  speed  at  which  it  is  negotiate,  and  there- 
fore the  change  in  the  direction  of  motion  of  the  trolley-head  must  be 
smaller. 

A  diagram  of  the  overhead  construction  at  a  double-track  right- 
angle  curve  is  given  in  Fig.  427,  and  indicates  the  usual  arrangement  of 
the  pull-oflf  wires. 

Where  each  end  of  a  right-angle  curve  is  connected  to  a  length  of 
straight  line,  it  is  desirable  to  anchor  each  of  the  straight  sections,  as 


Trofl^y  Wirt 


Fig.  424. — Straight-line  Hanger  with  Insulated  Bolt  and  Soldered  Ear. 


otherwise  any  unbalanced  tension  in  these  sections  will  tend  to  pull 
the  ciirve  out  of  shape.  This  method  of  anchoring  renders  the  straight 
sections  and  curves  mutually  independent,  and  if  an  accident  occurs 
on  one  of  the  straight  sections  its  effects  are  not  transmitted  to  the 
curve. 

In  the  case  of  curves  of  very  large  radius,  where  the  distance  apart 
of  the  pull-off  8  may  be  60  to  60  feet,  the  pull-off  wire  is  usually  attached 
to  a  bridle  between  adjacent  poles. 

At  junctions,  frogs  and  crossings  are  necessary  for  the  guidance  of 
the  troUey-wheel.  FrogS  are  of  two  types,  one  being  fitted  with  a 
movable  tongue — ^for  use  at  facing  points — while  the  other  is  without 
a  tongue  and  is  intended  for  trailing  use  only.  A  two-way  switch  firoflf 
is  shown  in  Fig.  428.  The  tongue  is  maintained  in  one  position  by  a 
spring,  and  is  moved  to  the  other  position  by  a  wire  operated  by  the 
point  controller  or  pointsman. 

An  automatic  frog  is  shown  in  Fig.  428a.  In  this  frog  (which  can 
be  used  either  for  facing  or  trailing  positions)  the  tongue  is  set,  for  the 
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branch  line,  by  the  trolley-pole  engagirg  the  weighted  lever  (at  the  side 
of  the  frog),  and  is  returned  to  its  normal  position  when  this  lever  is 
released.  For  satisfactory  operation  the  frog  must  be  fixed  so  that, 
when  a  car  is  travelling  on  the  branch  line,  the  trolley- wheel  is  on  the 
frog  when  the  trolley-pole  is  making  an  angle  of  between  15  and  20 
degrees  (horizontally)  with  the  main  trolley- wire. 


■we®  — 
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Fig.  42f3. — Examples  of  Overhead  Construction.  A,  side- 
pole  construction  using  **  globe  "  insulators ;  B,  side- 
pole  construction  using  porcelain  insulators ;  C\  D,  E. 
span-wire  construction  using  porcelain  insulators ;  F, 
construction  for  railless  traction  (over-running  trolley 
system) ;  Gy  construction  for  railless  traction  (under- 
running  trolley  system). 

A  crossing  is  shown  in  Fig.  429.  The  grooves  in  the  latter  are  for 
guiding  the  flanges  of  the  troUey-wheel. 

The  Board  of  Trade  require  the  trolley-wire  to  be  divided  into 
sections  at  every  half-mile,  with  a  switch  between  every  two  sections. 
A  section-insulator  of  the  air-gap  type  is  shown  in  Fig.  430.  The  central 
section  B  is  insulated  from  the  end  sections  -4,  C  (to  which  the  trolley- 
wires  are  attached),  and  the  principal  strain  is  taken  by  the  insulated 
bolts  D,  which  are  in  the  same  horizontal  plane  as  the  trolley-\»'ire- 
Another  section-insulator  of  the  air-gap  type  is  shown  in  Fig.  431.   In 
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this  case  the  end  sections  are  connected  by  two  insulated  bolts  and  a 
strut  of  insulating  material. 
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Views  of  section-insulators  erected  are  shown  in  Fig.  432,  in  which 
the  cables  leading  to  the  switch  pillar  can  be  seen,  and  also  the  anchoring 
of  the  trolley- wire  on  each  side  of  the  section-insulator. 

A  diagram  of  the  overhead  construction  at  a  junction  showing  the 


Fio.  428. — Switch  Frog  for  Grooved  Trolley- wire  (British  Insulated  and 

Helsby  Cables). 


Fio.  428a. — Automatic  Frog— operated  by  TroUey-boom 
(Brecknell,  Munro,  and  Rogers). 


Fio.  429. — 25^  Fixed  Crossing  (British  Insulated  and  Helsby  Cables). 
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arrangement  of  frogs,  crossings,  and  section -insulators,  is  given  in  Fig.  433. 
The  section-insulators  for  the  branch  lines  are  carried  on  bracket  armn, 
which  are  anchored  to  poles  on  each  side. 


FiQ.  430. — Section-insulator  (Br«cknell,  Monro,  and  Rogers). 


FiQ.  431. — Section-insulator  (British  loBulated  and  Hebby  Cables).) 


Where  bare  telephone  and  telegraph  wires  cross  the  trolley-wires, 
the  Boaj^  of  Trade  require  jfuard  wires  to  be  erected,  as  detailed  on 
p.  641. 
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Poles  are  of  the  tubular  type,  and  usually  consiat  of  three  steel  tubes, 
of  different  diameters,  shrunk  together  with  telescopic  joints.  The 
overall  length  is  31  ft. ;  the  length  of  bottom  section  is  17  ft. ;  while  the 
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middle  and  top  sections  are  each  8  ft.  6  in.  long,  and  each  joint  is  1  ft. 
6  in.  long.  There  are  three  standard  sizes  of  poles  in  use,  viz.  (1)  "  light," 
suitable  for  pulls  up  to  750  lb. ;    (2)  ''  medium,"  suitable  for  pulls  up 
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to  1250  lb. ;  and  (3)  "  heavy,"  suitable  for  pulls  up  to  2000  lb.  The 
"  heavy  "  poles  are  only  used  for  anchoring  purposes  or  at  curves  where 
several  pull-off  wires  are  attached  to  one  pole. 

The  pole  triminings  usually  consist  of  a  finial,  fitted  into  the  top  of 
the  pole  ;  two  collars,  slipped  over  the  joints  ;  and  a  base,  ornamented 
to  suit  the  requirements  of  the  neighbourhood.  The  bracket  arms  of 
side-poles  consist  of  steel  tubing,  2^  to  3  in.  in  diameter,  fixed  to  the 
poles  by  means  of  collars  and  tie-rods.  On  span-wire  construction  it  is 
usual  to  use  a  short  bracket  arm  of  the  type  shown  in  Fig.  426  (E). 

The  poles  are  fixed  in  6  ft.  of  concrete,  with  a  concrete  '*  biscuit " 
6  in.  thick  under  the  base.  The  thickness  of  concrete  around  the  pole 
depends  on  the  natyre  of  the  subsoil,  and  imder  normal  conditions  about 
8  to  10  in.  is  sufficient.  Each  pole  must  be  set  with  sufficient  rake  so 
that  the  tension  in  the  span-wire  will  pull  it  vertical. 

CALOUIiATION  OF  STRESSES  TN  TeOLLBY-WIBB  AND   SPAN-WIRES 

Relation   between   Saff   and   Tension  for   a  TroUey-wire.— 

When   a   flexible   wire   is    suspended   horizontally   and    loaded    only 

by  its  own  weight,  the   wire   will  hang  in   a 

catenary.*    If  the  sag  is  small  in  comparison 

with  the  span,  it  can  be  shown  that  the  catenary 

is  practically  identical  with  a  parabola,  f    Now, 

in  tramway  overhead  construction,  the  sag  in 

the  trolley-wire  rarely  exceeds   1  per  cent,   of 

the  span,  so  that  the  relation  between  the  sag 

and   the    span   can    be  expressed  in  the  form  ^^-  *34. 

P 
8=^,  where  8  is  the  sag,  21  is  the  span,  and  ^  is  a  constant.    The  constant 

can  be  determined  when  the  weight  of  unit  length  of  the  wire  and  the 
tension  at  the  lowest  point  (t.e.  at  the  centre  of  the  span  in  the  case  under 

♦  The  general  equation  of  the  catenary  is — 

'  y  =  2(6**  +  e  "j  ory=acosh-, 

where  a  is  the  distance  from  the  origin  to  the  vertex. 

If  2  is  the  height  of  the  point  a;,  y,  above  the  vertex  (see  Fig.  434),  then 

z=y-a=a  cosh  ^-a=a  (cosh  --lY 

a  \         a      J 

Expanding,  we  obtain 

c  (fv  (-y  (fv  ^ 

=f{(5)'+n©*+3So(5)*+      •    •    •} 

=S{^+r2G)'+35oG)*+    ■  •  •    •} 

which,  if  the  second  and  succeeding  terms  are  neglected,  becomes 

2=;7-,  or  a:"=  2o2, 
2a 

which  is  the  equation  to  a  parabola. 

t  If,  in  the  case  of  a  catenary,  the  sag  is  1  per  cent,  of  the  span,  then  the  sag 

of  a  corresponding  parabola  will  be  only  {^  of  1  per  cent.)  smaller  than  that  of 

the  catenary. 
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consideration)  are  known.  If  w  is  the  weight  (in  lb.)  of  unit  length  of 
the  wire  and  T  is  the  tension  (in  lb.),  then,  by  taking  moments  about 
one  of  the  supports  (a,  Fig.  434),  we  have 

Th=wl  X  |Z, 
whence  ^^W  * 

and  8=g (44) 

T 
Hence  the  constant  A  in  the  above  equation  =2— . 

The  tension  T  is  not  uniform  throughout  the  span,  but  increases 
slightly  towards  the  supports.  With  small  sags,  however,  the  variation 
is  practically  negligible,  and  will  not  be  considered  in  our  calculations. 

In  this  country  troUey-wire  is  usually  erected  with  a  sag  of  9  in. 
in  a  span  of  120  ft.,  at  a  temperature  of  about  66**  F.    Hence,  applying 

12        (60)^ 
equation  (44)  to  these  conditions,  we  have  77R=rt^-7r;r==2400,  so  that 
^  ^     '  2d    2  X  0*76 

T=2400w.    From  Table  XXVIII  (p.  508)  we  obtain  the  following  values 

for  w  (the  weight  per  foot  of  trolley-wire)  : 

Size  of  wire  (S.W.G.)     .  2/0  3/0  4/0 

Weight  per  foot  (lb.)     .         .     0-367       0-419      0-484 

• 

and  on  substituting  these  values  we  obtain  the  following  values  for  the 
tension : 

Size  of  wire  (S.W.G.)    ....  2/0  3/0  4/0 

Area  of  cross-section  (sq.  in.)          .         .  0-096  0-1087  0-1267 

Tension  in  lb.  (9-in.  sag,  120-ft.  span)     .  880  1006  1160 

Stress  (lb.  per  sq.  in.)    .         .         .         .  9270  9240  9230 

Effect  of  Temperature  on  the  Sag  and  Tension.— A  change  in  the 

temperature  will  produce  changes  in  the  sag  and  tension.  The  latter 
can  be  determined  easily  when  the  sag  is  known,  but  in  calculating  the 
sag  at  different  temperatures  we  have  to  consider  the  elasticity  of  the 
wire.*  Thus  a  decrease  in  the  temperature  will  reduce  the  sag,  but  the 
increased  tension,  due  to  the  reduced  sag,  will  produce  a  stretehing  of 
the  wire,  so  that  the  resulting  change,  in  the  sag  will  be  smaller  than 
that  obtained  if  the  elasticity  of  the  material  were  neglected.  Consider 
a  length  of  wire  suspended  between  two  horizontal  supports  at  a  distance 
21  apart,  and  let 

Lo  =  unstretehed  length  of  wire  at  a  temperature  6°  F., 
L'o  =  unstretehed  length  of  wire  at  a  temperature  0i°.F., 
L  =  the  length  at  a  temperature  6°  F.,  when  erected  with  a  sag  S 

and  a  tension  T  ; 
Li  =  the  length  at  a  temperature  0i°  F.,  the  corresponding  values 

of  the  sag  and  tension  being  S^,  T^ ; 
a  =  coefficient  of  linear  expansion  of  the  material ; 
E  =  Young's  modulus  of  elasticity  of  the  material ; 
a  =  area  of  cross-section  of  the  wire  ; 
w  =  weight  of  unit  length  of  the  wire. 

*  This  was  first  pointed  out  by  Professor  B.  Hopkinson.  See  The  Electrician, 
vol.  46,  p.  501. 
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Then,  at  a  temperature  0°,  the  extension  due  to  the  elasticity  of 
the  wire  will  be  L—Lo,  and  the  strain  *  will  be  — t — ?.    The  stress  in 

the  wire  will  be  — ;    and,  as  Young's  modulus  of  elasticity  =-7 — :— 

d  strain 

T 
we  have  E  =  7 — =-,  from  which  the  unstretched  length  is  obtained  as 

L,=Lf-L^\    .;......     (45) 

or  approximately  L,=l(i — -s) (45a) 

The  length  (L)  corresponding  to  a  sag  of  S  in  a  span  2Z  is  given  with 
sufficient  accuracy  by 

^-K^+KlTIt (46) 

Substituting  in  equation  (45)  we  obtain 


Now,  if  the  temperature  increases  to  Oj,  the  unstretched  length 
becomes  L'o=Lo(l+a(%i—Q)),  and  when  the  wire  is  erected  this  length 
will  be  stretched  to  a  length  Lj,  the  corresponding  values  of  the  sag 
and  tension  being  Si  and  T^  respectively. 

*  Strain  is  here  considered  to  mean  the  ratio  of  the  extension  to  the  original 
length. 

t  The  length  of  any  curve  of  which  the  equation  is  known  is  given  by 


H^'K^y-"^- 


X 


Applying  this  to  the  above  catenary,  we  obtain  L=a  sinh  - 


a 


Expanding,  we  have 

"{'*J(;T) 


if  the  third  and  succeeding  terms  are  neglected. 

In  the  case  of  a  suspended  wire,  for  which  the  span  is  2l,  we  have  a;=0  at  mid- 
span  and  x=l  at  end  of  span.  Hence  the  length  of^  wire  in  one-half  of  the  span  is 
given  by 


-'{■-KtT) 


or 


524  ELECTRIC  TRACTION 

From  equations  (45,  46)  we  have 

=4(i+a(e,-e))(i+^). 

and  L,=2i{l+K|y}. 

Combining  these  equations  with  equation  (45fc)  we  obtain 

-{>+i(^)'}(;^)-{'+l(l)'}(7^)(iT5b!i)- 

Substituting  for  S  and  Sj  we  have 

{'+J(?)'}('+S<'+«'«.-»»={'+Kt!)'}('+S-> 

which,  when  simplified  by  neglecting  the  product  of  small  quantities 
(such  as  |a(Oi-e)(Y)  }  »  (g^^)  }'  *^-)'  '^^"ces  to 

-<'>.-«)+5(7)"-5(fD'+>.-^l-»' 

„(e,-e)_!!«(^,-^)+^(r-r,) (47) 

From  this  equation  we  can  easily  calculate  the  change  of  temperature 
required  to  produce  a  given  change  in  the  tension.  If,  however,  we 
require  the  tension  T^  corresponding  to  the  temperature  61,  the  solution 
is  not  quite  so  easy,  since  it  involves  a  cubic  equation.  Thus,  expanding 
and  rearranging  terms,  we  obtain  • 

which  may  be  written — 

r..{T.+a^„ie.-e,+l(ff-^)}  J^e. 

Whence        T=     /  ^'\^^E{wlf 

'  V^i+a^{«(9i-e)+g(?)V^ 

where  A=0'l66aE(wl)^    and  B=aE(a(Qi-Q)+^y\. 

This  may  be  solved  by  assuming  an  appropriate  value  for  T^  and 
obtaining  the  value  of  the  expression  on  the  right-hand  side,  which 
should  agree  with  the  assumed  value  if  the  latter  has  been  correctly 
chosen.* 

As  an  example,  suppose  we  require  the  tension  in  a  120-ft.  span  of 
4/0  copper  trolley-wire  at  temperatures  of  40°  F.  and  100°  F.,  having 

*  A  slide-rule  greatly  facilitates  the  application  of  this  method. 


(48) 


or 
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given  that  the  trolley-wire  has  been  erected  with  a  sag  of  9  in.  at  a 
temperature  of  65°  F. 

From  Table  XXVIII,  p.  508,  we  obtain 

a=0-1257  sq.  in.,  i£;=0-484  lb.,  ^=18x  10«  lb.  per  sq.  in., 
a  =0*0000093,  and  from  the  example  on  p.  522, 
!r=1160  lb. 


Hence,  substituting  these  values  in  equation  (48),  we  obtain 

Ti=lOOOyl  y^+21(ei-66)+236-1160  * 
For  a  temperature  of  40°  F.  we  have 


31»__ 
187* 


40 

65 

100 

6*63 

9 

13-9 

1578 

1160 

762 

12650 

9230 

6000 

At  100°  F.  the  equation  for  the  tension  becomes  Tj;=lOOoJ—^ 

which  gives  !ri'=762  lb. 

The  sags  corresponding  to  these  tensions  are  obtained  from  equa- 

0*484  vftf)^ 
tion  (44).     Thus,  at  40°  F.,  S^=    .^^C_^  =0-552  ft.,  or  6-63  in. ;   and 

^X  lo7o 

at  100°  F.,8i'=^!^*2iy=116  ft.,  or  13-9  in. 

Summarising  the  results,  we  have 

Temperature  (degrees  F.) 
Sag  (in.)    .... 
Tension  (lb.)       . 
Stress  (lb.  per  sq.  in.)  . 

• 

The  sag  to  be  given  to  a  trolley-wire  at  any  temperature  should 
be  such  that,  under  the  severest  conditions  of  weather,  the  wire  is  not 
stretched  beyond  its  elastic  limit.  In  tramway  practice  these  conditions 
are  represented  by  a  temperature  of  22°  F.,  and  a  horizontal  wind 
pressure  of  20  lb.  per  sq.  ft.     If  Z>  is  the  diameter  of  the  trolley-wire 

in  inches,  the  wind  pressure  will  produce  a  loading  of -j =D  lb.* 

per  foot  run  of  the  wire,  and  this  must  be  added  vectorially  to  the 
weight  per  foot  run  in  order  to  obtain  the  resultant  load.  Thus,  if 
w  (lb.)  is  the  weight  per  foot  of  the  wire,  the  resultant  load  per  foot  will 

be  w'=Vv}^+I^,  and  the  tension  T'  is  given  by 

T'=y/ZFTD^^  ^ (49) 

where  S'  is  the  sag  corresponding  to  these  conditions.  This  sag  is,  of 
course,  to  be  measured  in  the  plane  of  the  wire,  which  will  make  an 

amile  of  tan~^ —  to  the  vertical. 

^  w 


♦  The  total  wind  pressure  on  a  cylindrical  body  =  O-tt  x  pressure  on  a  flat  surface 
of  the  same  area  as  the  projected  area  of  the  cylinder. 
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Applying  these  conditions  to  the  above  example,  we  obtain 

u?'  =  V0-4842+0-42=0-628  lb., 
and  from  equation  (48) 


T'=1000>y/p^^=1830  lb.. 


which  is  within  the  elastic  limit. 

Oalcnlation  of  Tension  in  Span-wires.— The  sag  in  a  span- wire 

depends  on  (1)  weight  supported;   (2)  width  of  road;   (3)  permissible 
tension. 

In  the  general  case  of  span-wire  construction  we  have  the  conditions 
of  loading  as  represented  in  Fig.  435,  in  which 

W  =  weight  of  each  trolley-wire  and  supporting  device  per  span, 
Wi  =  weight  of  the  span-wire, 
Tg  =  tension  in  the  span- wire, 
6  =  inclination  of.  the  span- wire  to  the  vertical, 
28  =  horizontal  distance  between  supports  of  span- wire, 
2^1  =  distance  apart  of  trolley-wires, 
d  =  sag  of  span-wire. 


liSk^ 


^J — « — 1^ 


Fio.  435. — Diagram  representiDg  General  Conditions  of  Loading 

of  Span-wire. 

By  taking  moments  about  the  centre  of  the  span  we  have 
T,  sin  Qxd=T,  cos  Qxa-^W^x^s—Wsi 

=  {i(2W+W,)8-iW,8-W8,} 
=  W(8-8,)+iW,8, 

Writing  T,  sin  0=P,  we  have 

P=l{Wis-s,)+^}       

Now  T,  sin  0,  or  P,  is  the  horizontal  pull  on  the  pole,  hence 


(50) 


T,= 


sin  6 


=P- 


8 


b(£i:£i)!=pJ_J!_+i=p(i+_i!_). 


The  weights  of  some  typical  overhead  fittings  are  given  below 

Straight-line  hanger  with  bolt     .  .  .       2}  lb. 


Double  pull-off  (heavy  type)  with  bolt 
Double  pull-off  (light  tjrpe)  with  bolt  . 
Single  pull-off  (heavy  type)  with  bolt  . 
12-in.  ear  for  4/0  round  trolley-wire 
6-in.  ear  for  4/0  grooved  trolley-wire  . 
Globe  strain  insulator  (2  in.  dia.) 


41 
3 

31 
1 

I 
I 


>» 


>> 


»> 


»» 


»» 


»* 
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Globe  strain  insulator  (2J  in.  dia.) 

Prescot  loop  type  porcelain  insulator  (4|  in 

Brooklyn  strain  insulator  (4  in.  size)    . 

Section-insulator       .... 

Two-way  switching  frog     . 

Two-way  trailing  frog 

Crossing  ...... 


) 


1    lb. 
1     , 
^  . 

15  . 

14   . 
18  . 


Examples. — (1)  Determine  the  tension  in  a  7/12  S.W.G  span-wire 
when  supporting  two  4/0  trolley-wires  8  ft.  apart,  the  sag  in  the  span- 


A«6* 


86-5 


1  C^  '" 


Fio.  436. — Diagram  of  Loading  of  Span-wire. 

wire  being  1  ft.  The  poles  of  each  span  are  spaced  at  43  ft.  apart,  with 
a  distance  of  120  ft.  between  spans,  and  the  span- wire  is  attached  to 
bracket-arms  18  in.  long.     We  have  : 

Weight  of  120  ft.  4/0  troUey-wire  =0-484x  120=68  lb. 
Weight  of  hanger,  ear,  &c  .         .         .         .     =  4  „ 

621b. 

Weight  of  40  ft.  7/12  span-wire  =0-21  x  40=8-4  lb. 

A  diagram  of  the  loading  is  given  in  Fig.  436,  and  from  equation  (60) 
we  obtain 

P=l|62(20-4)+5i^ j  =1034  lb. 


and 


T.=m^(l+j^^=l036  lb. 


(2)  Similar  conditions  to  above,  but  section-insulators  fitted  to  the 
trolley-wires.    We  have  : 

Weight  of  120  ft.  4/0  trolley-wire      ....      =68    lb. 
Weight  of  section  insulator  with  globe  strain  insulators  =19 J  „ 

77i  lb. 

Assuming  that  the  7/12  S.W.G.  span-wire  is  used,  we  obtain,  from 
equation  (60) : 

P=1283  lb.  and  T, =1285-6  lb. 

If  the  trolley-wires  are  anchored  in  the  manner  shown  in  Fig.  432 
the  span-wire  supporting  the  section-insulators  will  be  relieved  of  a 
portion  of  the  load.  A  reference  to  p.  520  will  show  that  the  "  medium  " 
pole  will  be  suitable  for  these  cases. 


528 


ELECTRIC  TRACTION 


Oalculation  of  Tension  in  Poll-off  Wires.— Consider  the  case  of 

a  curve  on  a  tramway  system  where  a  smgle  trolley-wire  is  supported 
from  span-wires  arranged  radially  as  in  Fig.  437.  The  points  of  attach- 
ment of  the  pull-offs  to  the  trolley-wire  are  arranged  on  an  arc  of  a 
circle  of  radius  B  ft.  The  trolley- wire,  in  virtue  of  its  tension,  will  form 
a  series  of  chords  in  this  circle.  If  7*  is  the  tension  in  the  trolley-wire, 
the  horizontal  component  of  this  in  the  direction  of  the  span-wire  will 


::c^o 


be  2T  cos  a.  A  reference  to  the  diagram  will  show  that  the  triangles 
ABD  and  AOE  are  similar,  hence 

_AD    AE  _\  distance  between  pull-offs     l^ 
^^^~AB~AO  Radius  of  curve  ^2B' 

In  addition  to  this  tension,  the  span-wire  is  loaded  \i'ith  a  tension  due 
to  the  weight  of  the  pull-off,  trolley-wire,  &c.  This  additional  tension 
can  be  calculated  by  a  method  similar  to  that  adopted  with  span-wiie 
construction.  If  Pi  represents  the  horizontal  force  due  to  the  weight 
of  the  trolley-wire  and  fittings,  the  pull  on  the  poles  to  which  the  span- 
wire  is  attached  will  be 


on  the  outside  of  the  curve,  and 


P  —P  '— 


B 


B 


(51) 


(51a) 


on  the  inside  of  the  curve. 

The  tensions  in  each  portion  of  the  span-wire  will  be        ^    and 

sin  6i 

P 

.    \  ,  where  61,  60  are  the  inclinations  of  the  span-wire  to  the  vertical, 
sm  Oo 

Tl 
When  -^  is  greater  than  P^',  the  portion  of  the  span-wiie  on  the 

inside  of  the  curve  is  not  required.     In  this  case  it  is  usual  to  arrange 
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the  pull-off  wires  as  in  Fig.  427,  and  the  problem  does  not  permit  of 
such  an  easy  solution  as  above,  due  to  an  incomplete  knowledge  of  the 
tension  in  the  trolley-wire,  which  in  practice  is  adjusted  to  some  arbitrary 
value  when  the  line  is  erected.  The  method  of  calculation  will  perhaps 
be  better  elucidated  by  working  through  an  example. 

Thus,  suppose  we  require  the  tension  in  the  pull-off  wires  and  the 
size  of  poles  for  a  single  4/0  trolley-wire  on  a  right-angle  curve,  of  which 
a  layout,  showing  the  positions  available  for  the  poles,  is  given  in  Fig.  438. 


Kk;.  438. 


There  are  seven  pull-offs,  which  are  attached  to  the  trolley-wire  at  a 
radius  of  60  ft.  The  tension  in  the  trolley-wire  on  the  curve  may  be 
assumed  at  700  lb.  At  eacli  end  of  the  curve  there  is  a  straight  line 
which  is  suitably  anchored,  the  tension  in  the  anchor  wire  being  assumed 
at  400  lb.    The  length  of  the  first  span  of  the  straight  sections  is  60  ft. 

The  tension  in  the  wires  attached  to  pull-offs  Nos.  3,  4,  5  can  be 
obtained  from  a  slight  modification  of  equation  (51).  Thus,  if  ff>  is  the 
angle  between  the  pull-off  wire  and  a  radius  vector  produced  (see 
Fig.  438),  the  horizontal  pull  on  the  pole  will  be  given  by 


Pi=Pi  + 


2l 
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where  the  first  term  is  the  pull  due  to  the  weight  of  trolley-wire,  fittings, 
&c.,  attached  to  the  pull-off,  and  the  second  term  is  the  component 
of  the  trolley-wire  tension  in  the  direction  of  the  pull-off  wire.  To 
obtain  Pi',  let 

W  =  weight  of  trolley-wire,  ear,  and  pull-off  ; 
W2  =  weight  of  pull-off  wire  ; 
8  =  length  of  pull-off  wire  ;  and 
d  =  sag  in  pull-off  wire. 

Then  P^'^^^Ws+^y 

If  we  assume  that  7/12  S.W.G.  steel  wire  is  used  for  all  the  pull-off 
and  span-wires,  then  the  weight  of  this  wire  for  No.  4  pull-off  will  be 
44x0-21=9-2  lb.*  and  47-5x0-21=10  lb.  for  pull-offs  Nos.  3  and  5. 
The  distance  between  the  pull-offs  being  13-06  ft.,  we  have :  weight  of 
trolley-wire,  ear,  and  pull-off  =13  05x0 -484+1-1- 3 -5 =10 -8  lb.  K  the 
sag  in  the  pull-off  wires  is  4  ft.,  we  obtain  Pi'=i(10-8x  44+9-2x22) 
=169  lb.  for  No.  4,  and  188  lb.  for  Nos.  3  and  5. 

Hence  the  tension  f  in  pull-off  wire  No.  4,  which  is  radial,  will  be 

169+^^  ^^'^^=169+183=352  lb.,  and  the  tension  in  Nos.  3  and  6 
oU 

wiU  be  188+    ^^,0=188+213=401  lb. 

cos  ox 

We  have  now  to  deal  with  the  bridles  at  Nos.  2  and  6,  which  can  be 
done  in  the  following  manner.  Consider  the  bridle  at  No.  6  replaced 
by  a  radial  pull-off  wire  attached  to  a  pole  at  F  ;  calculate  the  tension 
in  this  wire,  and  resolve  this  tension  into  components  along  the  directions 
of  the  bridle.  I     In  this  manner  we  obtain  266  lb.  for  the  tension  in  the 

radial  pull-off  wire,  and ^^^-r ^,  o6=300  lb.  in  the  bridle  wire. 

^  cos  66  +  cos  61:3 

Treating  the  bridle  at  No.  2  in  a  similar  manner,  we  obtain  the  tension  in 
the  bridle  wire  as  360  lb. 

The  span-wires  Nos.  1  and  7  now  demand  attention.  If  we  assume 
the  sag  in  the  span- wire  as  1  ft.,  we  obtain,  from  equation  (50),  values 
of  128  lb.  and  201  lb.  for  the  tension  in  No.  1  and  No.  7  respectively. 

The  resultant  pull  on  pole  E  will  be  in  the  direction  of  pull-off  wire 
No.  4,  and  its  magnitude  will  be : 

352+2x401  cos  15-83°+ (300+360)  cos  31°=1690  lb. 

The  resultant  pull  on  pole  A  is  540  lb.,  at  an  angle  of  18*  with  the 
span-wire  (straight-line  side),  wjiile  the  resultant  pull  on  pole  D  is  393  lb. 
at  an  angle  of  12*  with  the  span-wire  (straight-line  side). 

Summarising,  we  have  the  following  values  for  the  pull  on  the  poles  : 
A,  540  lb. ;  B,  201  lb.  ;  C,  128  lb. ;  2>,  393  lb. ;  E,  1690  lb. ;  whUe 
the  tensions  in  the  respective  span-  and  pull-off  wires  are  :  No.  1,  128  lb.  ; 

*  The  effect  of  the  inclination  of  the  pull-off  wires  is  neglected  in  the  calculations 
of  weight  and  tension. 

t  The  effect  of  the  inclination  of  the  pull-off  wires  is  neglected  in  the  calculations 
of  weight  and  tension. 

i  Since  the  bridle  wire  is  threaded  through  a  ring  at  the  end  of  the  pull-off  wire. 
the  tension  in  each  portion  of  it  will  be  the  same. 
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No.  2  (bridle),  360  lb. ;  No.  3,  401  lb. ;  No.  4,  352  lb. ;  No.  5,  401  lb.  ; 
No.  6  (bridle),  300  lb. ;  No.  7  201  lb. ;  anchor  wires,  400  lb. 

Pole  E  must  therefore  be  of  the  "  heavy  "  class,  while  for  the  poles 
Ay  B,  C,  D  the  "  light  "  class  could  be  used. 

The  calculations  for  a  double  track  are  performed .  in  a  similar 
manner,  but  in  this  case  the  tension  in  the  outer  pull-off  wires  will  be 

(Tl     \ 
Pi'+-g — ^j,  while  the  tension  in  the  wire  between  the  trolley- wires 

will  be  -^. 

If,  with  the  assumed  value  for  the  tension  in  the  trolley- wire,  the 
pull  on  the  poles  is  excessive,  then  a  lower  value  must  be  adopted  and 
care  taken  that  this  value  is  not  exceeded  when  the  line  is  erected. 


CHAPTER  XXV 

OVERHEAD  CONSTRUCTION  ON  RAILWAYS 
Pabt  I.    Gbnbral  Considerations 

OvEBHEAD  construction  is  necessary  on  railways  where  the  operating 
voltage  exceeds  2000  volts,  as  this  is  about  the  maximum  voltage 
which  can  be  commercially  applied  to  a  conductor  rail.*    It  is  quite 

Erobable,  however,  that  there  are  many  places  on  a  railway  where  a 
igh- voltage  conductor  rail  could  not  be  used,  and  in  these  cases  overhead 
construction  must  be  adopted.  Where  the  train  is  equipped  with  alter- 
nating current  apparatus,  the  use  of  an  overhead  conductor  enables  a 
high  voltage  to  be  adopted,  with  the  consequent  saving  in  the  capital 
outlay  on  feeders  and  substations. 

A  bow  collector  is  generally  used  instead  of  a  trolley  wheel,t  since 
with  the  former,  no  frogs  or  crossings  are  required  at  junctions.  More- 
over, this  type  of  collector  is  suitable  for  much  higher  speeds  and  larger 
currents  than  the  trolley  wheel,  while  the  chances  of  it  leaving  the 
trolley-wire  are  very  remote.  The  bow  collector,  however,  due  to  its 
greater  inertia,  requires  a  level  trolley-wire  in  order  that  contact  may 
be  maintained  between  the  bow  and  wire  at  high  speeds. 

The  trolley-wire  must  therefore  be  suspended  with  only  a  very  small 
sag,  and  to  obtain  this  result  without  excessive  tension  in  the  wire  the 
span  must  be  relatively  short,  i.e.  of  the  order  of  10  ft.  to  15  ft.  It 
is  obvious  that  for  these  short  spans  the  method  of  construction  adopted 
in  tramway  practice  would  be  unsuitable,  both  from  the  mechanical 
as  well  as  the  electrical  standpoint.  However,  by  adopting  the  catenary 
system — ^that  is,  supporting  the  troUey-wire  from  another  wire,  sus- 
pended with  considerable  sag  t  between  supports  of  moderate  span — 
we  are  able  to  obtain  a  level  trolley -wire  with  a  relatively  small  number 
of  supporting  structures.  The  wire  from  which  the  trolley-wire  is  sup- 
ported is  caned  the  "  catenary  "  or  ''  messenger  "  wire,  and  by  insu- 
lating this  wire  from  the  supporting  structmres  there  is  no  necessity  for 
insulated  hangers  on  the  trolley- wire. 

The  catenary  system  of  overhead  construction  has,  therefore,  the 
following  advantages  over  the  ordinary  method  : 

*  A  2400-volt  conductor  rail  has  recentLy  been  installed  on  the  Michigan  Central 
Railroad.  See  Electric  Railway  Journal^  vol.  44»  p.  376.  2400-volt  conductor 
rails  are  now  being  developed  for  some  American  electrifications.  See  Proceedings 
of  the  Atfherican  Institute  of  Electrical  Engineers^  vol.  34,  p.  1479. 

t  The  trolley-wheel  collector  is  largely  used  on  American  interurban  railways. 

X  The  object  of  the  large  sag  is  to  maintain  a  practically  constiuit  position  of  the 
troUey-wire  tor  the  range  of  temperature  that  occurs  in  practice. 
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(1)  Level  trolley- wire,   obtained  with  moderate  distances  between 

supporting  structures. 

(2)  Fewer  insulators. 

(3)  No  insulated  hangers. 

It  is  interesting  to  note  that  this  method  of  construction  has  only 
been  adopted  to  a  limited  extent  on  three-phase  railways.     Although 


Fio.  439. — ^Types  of  Catenary  Construction,     (a).  Single  catenary ; 
(&),  double  catenary ;  (c),  compound  catenary. 


bow  collectors  are  universally  used,  the  overhead  construction  is  gener- 
ally a  modified  form  of  span-wire  and  side-pole  construction.  The 
probable  reasons  for  this  are  :  (1)  The  operating  speeds  are  not  very 
high  (the  maximum  speed  does  not,  generally,  exceed  60  ml.p.h.).  (2) 
Omy  moderately  high  voltage  (SOCK)  volts)  is  applied  to  the  trolley- 
wires.  (3)  The  complication  of  the  overhead  work  at  junctions  would 
be  increased  enormously  with  catenary  construction.  The  latter  point 
will  be  appreciated  after  we  have  discussed   the    types  of    catenary 
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construction  and  given  examples  of  the  overhead  construction  on  single- 
phase  and  three-phase  railways. 

The  types  of  catenary  construction  in  use  may  be  divided  into  three 
classes :  (1)  the  single  catenary,  (2)  the  double  catenary,  and  (3)  the 
compound  catenary.  Fig.  439(a)  represents  the  simplest  form  of  catenary 
construction,  which  consists  of  a  suspended  steel  wire  A,  from  which 
the  trolley-wire  C  is  supported  by  means  of  droppers  B,  clipped  to  A 
and  C  at  equidistant  horizontal  intervals.  On  straight  (or  tangent) 
track  the  span  of  the  catenary  wire  may  be  from  160  ft.  to  300  ft.,  wdth 
a  sag  of  from  3  ft.  to  6  ft.  respectively,  while  the  distance  apart  of  the 
droppers  varies  from  10  ft.  to  15  ft.  On  curves  the  span  must  be 
reduced  and  the  trolley-wire  maintained  in  correct  position  by  pull-off 
wires. 

The  double  catenary  system  consists  of  two  catenary  wires  (Ay  B, 
Fig.  439(6))  —suspended  from  points  in  the  same  horizontal  plane — ^from 
wfich  the  trolley-wire  C  is  supported  by  the  double  droppers  D,  The 
catenary  wires  are  connected  together  by  cross  wires  E,  so  that  the 
angle  of  inclination  of  the  droppers  is  constant.  This  type  of  construc- 
tion has  a  much  greater  lateral  stability  than  the  single  or  compound 
catenary  system,  and  is  therefore  suitable  for  long  spans. 

One  type  of  compound  catenary  construction  (developed  by  Messrs. 
Siemens-Schuckert)  consists  of  three  wires,  ail  in  the  same  vertical 
plane.  The  upper  wire  A  (Fig.  439(c))  is  the  catenary  wire,  and  is  insu- 
lated from  the  supporting  structures.  From  this  wire  the  intermediate 
wire  B  is  supported  by  droppers,  Z>,  clipped  to  both  wires,  and  the 
trolley-wire  C  is  supported  from  the  intermediate  wire  by  the  loops  E. 
As  originally  developed,  the  trolley-wire  was  maintained  under  a  definite 
tension,  by  means  of  automatic  tightening  gear,  and  the  loops  E  allowed 
longitudinal  movement  of  the  trolley-wire  to  take  place  without  straining 
the  suspension  wires. 

We  will  now  discuss  the  general  conditions  of  catenary  construc- 
tion and  follow  these  by  examples  of  each  type  of  construction.    . 

The  catenary  wire  is  usually  of  stranded  steel,  of  seven  or  more 
strands,  having  the  following  average  properties  : 

Ultimate  tensile  strength.  ....  90  tons  per  sq.  in. 

Elastic  limit   .......  40  tons  per  sq.  in. 

Modulus  of  felasticity  .  30  X 10*  lb.  per  sq.  in. 

Coefficient  of  linear  expansion  (per  T  F.)   .         .  0-0000064 

The  sag  of  the  catenary  \\dre  generally  does  not  exceed  3  per  cent, 
of  the  span,  and  if  the  wire  were  loaded  only  with  its  own  weight,  we 
could  calculate  the  tension  in  the  same  manner  as  for  a  tramway  trolley- 
wire  (see  p.  522),  since  it  would  be  sufficiently  accurate  to  consider  the 
curve  of  the  sag  as  a  parabola.*  The  effect  of  the  trolley- wire  is  equi- 
valent to  a  series  of  equal  weights  hung  from  the  catenary  wire  at  equi- 
distant horizontal  intervals.    If  we  neglect  the  weight  of  the  catenary 

*  With  a  sag  of  3  per  cent,  of  the  span  the  error  in  calculating  the  sag  from  the 
parabola  equation  (instead  of  the  catenary)  is  0*2  per  cent.,  while  with  a  2  per  cent, 
sag  the  error  is  0*05  per  cent. 
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wire,  the  sections  between  the  droppers  will  be  straight  lines,  and  will 
form  the  envelope  to  the  parabola  2/=-—-,  where  y  is  the  ordinate 

V 

corresponding  to  a  distance  x  from  the  centre  of  the  span,  T  the  hori- 
zontal tension  at  the  mid-span,  and  X  the  distance  apart  of  the  weights 
W  (see  Fig.  440). 

The  cm've  *  joining  the  points  of  attachment  of  the  droppers  to  the 
catenary  wire  will  differ  slightly  from  this  parabola,t  since  each  section 
of  the  catenary  wire  is  tangential  to  the  latter. 


A  k — 


Deflection 

Curve 

2 
Fig.  440. 


In  practice  the  weight  of  the  catenary  wire  is  comparable  with  the 
weight  of  the  trolley-wdre,  so  that  the  deflection  curve  will  be  inter- 

mediate  between  the  above  curve  and  the  parabola  y=-7yr  (w?'  being 

w 

the  average  weight  of  the  trolley- wire,  catenary  wire,  atid  dropper  per 
foot  of  horizonted  span).  The  sections  of  the  catenary  wire  will  now  hang 
in  a  series  of  catenary  curves,  for  which  we  have  no  particular  interest, 
since  our  object  is  to  determine  the  lengths  of  the  various  droppers. 
This  may  be  done  by  the  method  of  moments  or  by  the  application  of 
the  funicular  polygon,  the  former  being  more  convenient  for  our 
purpose. 

Calcnlation  of  the  tension  in  the  catenary  wire  and  the  lengths 

of  the  droppers. — Consider  the  general  case  of  a  single  catenary  suspen- 
sion, represented  in  Fig.  440,  and  let 


*  Called  hereafter  the  "  deflection  "  curve. 

t  It  can  be  shown  that  each  point  on  the  deflection  curve  i^  (  ttt  •  o  )  vertically 
below  the  corresponding  point  on  the  above  parabola. 
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w  =  weight  per  foot  of  trolley- wire ; 

ti;^=  weight  per  foot  of  catenary  wire  ; 

M?2^average  weight  of  dropper  and  clips  ; 

w'  =average  weight  per  foot  of  trolley- wire,  catenary  wire,  dropper. 


and  clips     =f  ti;+i/;i+-y  j    ; 


2Z  =di8tance  (in  feet)  between  supporting  structures  ; 

S   =sag  (in  feet)  of  catenary  wire  at  mid-span  ; 

2   =distance  (in  feet)   between  catenary  wire  and  trolley-wire   at 

mid-span ; 
X   =horizontal  spacing  (in  feet)  of  droppers  ; 
n  =  number  of  droppers  in  one  half  of  the  span   not  including  the 

centre  one  (if  any) ; 
yj,  y^  =  deflection  (in  feet)  at  droppers  Nos.  1,  2,  &c. ; 
T  =  tension  in  catenary  wire  at  lowest  point. 

The  tension  T  is  determined  by  considering  one-half  of  the  span 
and  taking  moments  of  all  forces  about  the  point  of  support  (A,  Fig.  440). 
Since  the  sag  is  small  in  comparison  with  the  span,  we  are  justified  in 
assuming  the  weight  of  the  catenary  wire  per  horizontal  foot  of  span 
to  be  identical  with  the  weight  per  foot  of  wire.  Hence  v)  may  be  con- 
sidered as  equivalent  to  the  average  weight  of  the  whole  suspension 
per  foot  run. 

Considering  an  even  number  of  droppers  per  span  and  taking  moments 
about  A  (Fig.  440),  we  have  : 

TS=(wA-fu?iA+M?2)2+{^^+^i^+w^2)-2'+(^^+^i^+"'2)'2"'*" 

=Ww;+u;i)+M?2Ui(l+3+5+  .  .  .  +(2n-l)) 

=2r+^i+T) 

=WP (52) 

For  an  odd  number  of  droppers  per  span  we  have : 

TS=-J-(u;+M?i)P-fw;24(l+3+5+  .  .  .  +(2/i-f  1)) 
=i(M?+ii;i)^+g(/2+«X2+  f  A«)       ' 

«|u;'/«+Ju?2^(n-f|) (52a) 

The  deflection  at  any  dropper  can  be  obtained  by  taking  moments, 
about  the  point  of  the  catenary  wire  at  which  the  dropper  is  attached, 
and  dividing  by  the  tension  T.  Thus  for  dropper  No.  1  (Fig.  440)  we 
have  (assuming  an  even  number  of  droppers  per  span) : 

^2/i=^(M?+w;i)(i-iV+M72A(l+2+3+  .  .  .  -f(n-l)), 
and  for  dropper  No.  2 : 

Tt/2=^(«^+t^i)(^-fA)«+t^'2A(l+2+3+  .  .  .  +(n-2)). 


♦  The  number  of    terms   in    the   series    1+3  +  6+   .  .  .    +(2n-l)  will  be  n, 
hence  the  sum  =-(l  +(2n  -  1))  =n*. 
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or  generaUy : 

Ty^=i{w+w^){l-U(2m--l)}^+w^XU(n-(m--l))(n--m)}  *,     .     (63) 

where  m  is  the  number  assigned  to  the  dropper,  the  one  nearest  to  the 
support  A  (Fig.  440)  being  No.  1. 

Calling  these  moments  Jkfi,  M^t  •  •  •  ^mt  we  have 

whence  2/i=-jr»  y2=-^»  •  •  ^  Vm^^Y ^^^^ 

The  lengths  of  the  droppers  will  be  (yi+z),  {y^+z),  &c.,  where  z  is 
the  distance  between  the  catenary  wire  and  the  trolley-wire  at  mid-span. 

In  cases  where  approximate  results  are  sufficient,  the  deflection  at 
each  dropper  can  be  obtained  by  assuming  that  the  deflection  curve  is 

the  parabola  y=-^,  y  being  the  deflection  at  a  distance  x  from  mid-span. 


w 

As  an  example,  let  us  consider  an  eleven-point  single  catenary 

suspension  having  the  following  constants  : — 

Length  of  span  (21)         ....  150  ft. 

Sag  at  mid-span  (8)         .         .         .         .  2-6  ft.  (30  in.) 
Distance  between  catenary  wire  and  trolley- 
wire  at  mid-span  (z)                            .0-66  ft.  (8  in.) 

Number  of  droppers  per  span ...  11  , 

Spacing  of  droppers  (A)  .  13-63  ft. 

Size  of  trolley-wire  .  .  4/0  B.  &  S.G.  (0-46  in.  dia.) 

Weight  per  foot  of  trolley-wire  (w)  .  0-641  lb. 

Size  of  catenary  wire      ....  7/16  in.  dia.  ( =7/9  S.W.G.) 

Weight  per  foot  of  catenary  wire  (m?i)  0-384  lb. 

Average  weight  of  dropper  and  clips  (w^ .  0-5  lb. 

The  average  weight  (m;')  of  trolley-wire,  catenary  wire,  dropper,  and 
clips  per  foot  run 

=0-641 +0-384-}-y|^=lO62  lb. 

Since  there  are  11  droppers  per  span,  the  value  of  n  in  equations  (52,  53) 
will  be  5.  Hence  the  tension  in  the  catenary  wire  at  mid-span — 
obtained  from  equation  (52a) — ^is 

T=2Lxi^x752+^Xl3-63x5-75=12141b. 


♦  The  series   for   the  m  th.  dropper  will  be:    1+2  +  3+    ...    ■\-{n^-'m)^  the 
number  of  terms  being  (n  —  m).     The  sum  of  the  series  is  - — "^ —      ^ — "^ — i ,  or 

(n  '{m-    ))[,n'-m)      ^^  ^^  ^^^  number  of  droppers  per  span,  the  last  term  of  the 

series  will  be  n,  n  -  1,  n  —  2,  &c.,  instead  of  n  —  1.  n  —  2,  Ac.     In  this  case  the  ex- 
pression for  the  sum  of  the  series  becomes  • • '-^ — "^ — -— ^ .  and  equation 

(53)  takes  the  form 

Tym=4(«'+«^t){^-5(2m-l)|*+W2^{(n-(m-l))(n-(m-2))>.     .     .      (53a) 
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From  equation  (t53a)  we  obtain  values  for  ifj,  M^y  &c.,  as  follows : — 

(5-(l-2))} 
=2482 
^2=1593 
Jlf8=897-4 
JIf4=402-6 
J»f5=102 

The  deflections  are  obtained  by  dividing  these  values  by  the  tension 
— 1214  lb. — ^and  the  lengths  of  the  droppers  will  be  8  in.  greater  than 
the  deflections. 

A  summary  of  the  results  obtained  by  this  method  and  by  the  ap- 
proximate method  is  given  in  Table  XXXII  below,  and  it  will  be  observed 
that  there  is  only  a  very  small  difference  in  the  lengths  obtained  for  the 
droppers  in  the  two  cases. 

In  applying  the  approximate  method — i.e.  assuming  the  deflection 
curve  to  be  a  parabola — ^we  have : 

7?'  «2 


T=?^=11951b.,  and2/  = 
Zo 


2x 


1 195     2250 


as  the  equation  to  the  deflection  curve. 
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TABLE   XXXII 


Dropper  No.  . 

Distance  from  mid-span 
(ft.)     .... 

1 

2 

3 

4 
27-26 

5 

6 
0 

7 

8 
27-26 

9 
40-9 

10 
54-5 

* 

11    ' 

68-2 

68-2 

54-5 

40-9 

13-63 

13-63 

Deflection — by  method 
of  moments  (ft.) 

2043 

1-312 

0-74 

0-332 

0-084 

0 

0-084 

0-332 

0-74 

1-312 

2K)48 

Deflection — ^by  approxi- 
mate method  (ft.) 

2-063 

1-323 

0-743 

0-33 

0-0826 

0 

0-0826 

0-33 

0-743 

1-323 

20631 

Length  of  dropper  (in. ) 

32-5 

23-8 

16-9 

12 

9-01 

8 

9-01 

12 

16-9 

23-8 

32-6, 

Approximate  length  of 
dropper  (in.) 

32-8 

23-9 

16-9 

11-96 

9 

8 

9 

11-96 

16-9 

23-9 

32-8' 

In  the  case  of  a  double  catenary  system  the  calculation  of  the 
tension,  sag,  &c.,  can  be  made  in  a  similar  manner,  viz.  by  calculating 
the  loading  on  one  catenary  wire,  and  treating  this  as  a  single  catenary 
system  in  a  plane  inclined  to  the  vertical.  Thus,  in  Fig.  439(6),  if  6  is 
the  inclination  to  the  vertical  of  the  plane  containing  the  catenary 
wire  and  droppers,  the  vertical  load  on  the  catenary  wire  at  each  dropper 

will  be  {w^2+"o-)    ^^  the  assumption  that  the  droppers  are  looped  to 

the  clip  on  the  catenary  wire  and  rigidly  connected  to  the  cUp  on  the 
trolley-wire.     Resolving  this  load  in  the   plane  of  the  catenary  \^*ire 
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we  obtain  [w2-\ — «  )  sec  0,  while  the  resolved  weight  of  the  catenary 

wire  in  this  plane  is  Wi\  sec  0.    Hence  the  equation  (52)  becomes : 

r8=|(|+«;i+^*)8ece    .......    (55) 

Here,  S  represents  the  true  sag  in  the  catenary  wire  (not  the  apparent 
sag  in  the  vertical  plane),  and  w^  represents  one-half  of  the  average 
weight  of  a  double  dropper  and  clips.  The  true  lengths  of  the  droppers 
will  be  obtained  by  a  process  similar  to  that  given  in  connection  with 
the  single  catenary  system,  the  moments  M^,  M^,  &c.,  being  divided 
by  T  cos  0  instead  of  T. 

In  order  to  exemplify  this  method,  we  will  calculate  the  lenfifths  of 

the  droppers  for  a  double  catenary  system,  having  the  following 

constants  : — 

Length  of  span  (2Z)    .  .200  ft. 

Apparent  sag  at  mid-span  (in  vertical 

plane)        .  .  6  ft.  0*6  in. 

Vertical  distance  between  trolley-wire 

and  catenary  wires  at  mid-span    .  11-5  in. 

Distance  apart  of  catenary  wires  at  sup- 
ports .  7  ft. 

Size  of  trolley- wire    .  .7/0  S.W.G.  copper  (0*5  in.  dia.) 

Weight  per  ft.  of  trolley-wire  {w)  0'73  lb. 

Weight  of  clip  for  trolley- wire     .         .  0*61b. 

Size  of  catenary  wires        .         .  12/0-088-in.  steel 

Weight  per  ft.  of  catenary  wire  {w^  0-z82  lb. 

Average  weight  of  complete  dropper 

and  catenary  wire  clips  1*4  lb. 

Number  of  droppers  per  span  20 

Distance  apart  of  droppers  (\)  10  ft. 

The  vertical  distance  between  the  highest  point  of  the  catenary  wire 
and  the  trolley- wire  will  be  found  to  equal  7  ft.,  and  since  the  catenary 
wires  are  7  ft.  apart  at  the  supports,  the  inclination  to  the  vertical  of 
the  plane  containing  a  catenary  wire  and  dropper  will  be : 

e=tan-^=26-53°. 

cos  e  =0-895.  sec  e=M17. 

Therefore  the  true  sag  (S)  of  each  catenary  wire  is  (6*042  x  1*117=) 
6-75  ft.,  while  the  true  distance  (z)  between  each  catenary  wire  and 

"Y^x  1*117=]  1*07  ft. 

Now  we  have :  Average  weight  of  complete  dropper  with  clips  for 
catenary  wires  and  trolley-wire  =1-4+ -5=1 -9  lb.  Hence  w^y  in  equa- 
tion (65),  =J  X  l-9=0-96  lb„  while  w=0-7i  lb.,  and  m;i=0;28  lb. 

Substituting  these  values  in  equation  (65),  we  obtain  the  tension 
in  each  catenary  wire  as : 

whence  T=612  lb. 
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The  moments  M^,  M^y  &c.,  of  the  loads  on  one-half  of  one  catenary 
wire,  about  the  points  of  attachment  of  the  droppers,  are  obtained  by 
the  use  of  equation  (53).  The  right-hand  side  of  the  equation,  however, 
must  be  divided  throughout  by  cos  .0,  since  the  loads  must  be  referred 
to  the  plane  of  the  catenary  wire.  Thus  calling  the  dropper  next  to 
the  support  as  No.  1,  we  have : 


9xl0> 


=o45&^'^^^+^*^^^^^^~^)'^+^*^^>^^K^)} 


=3728. 


Similarly, 

Jf  *=Ty2=^|5[(0-365+0-28)(l()0- 15)«]+0.95  X  10(^)^ 

=2982. 

The  deflections  at  the  droppers  are  obtained  by  dividing  these  moments 
by  the  tension  T  (=612  lb.),  while  the  lengths  of  the  droppers  \idll  be 
1  '07  ft.  greater  than  the  deflection.     Thus  for  dropper  No.  1  we  obt^ain 


a  length  of  ^^+1K)7)=7-17  ft. 


The  lengths  of  the  remaining  droppers  are  obtained  by  a  similar 
process,  and  are  given  in  Table  XXXIII. 


TABLE  XXXIII 


Dropper  No.  . 


(i 


1 
20 


Distance  from  mid-span  ' 
(ft.)      ....      96 

Moment  (Ib.-ft.)     .        .  |  3728 

Deflection  (ft.)       .        .  j    6-1 

Length  of  dropper  (ft.) .  ;  7-17 


2 
19 

3 

18 

4 
17 

5 

16 

6 

15 

7    8 
14  1  13 

1 

9 
12 

85 

75 

65 

55 

45 

1 
35   25 

15 

2982 

1326 

1743 

1249 

835 

505  221 

91-6 

4-88 

3-81 

2-85 

2-045 

1-366 

0-826  0-362 

1 

0-15 

6-0 

4-9 

3-9 

3115 

2-44 

1-9  1-43 

1-22 

10 

11 


0O147 
1-083 


Effect  of  Temperature  on  the  Level  of  the  Trolley-wires.— In 

each  of  the  above  examples  the  lengths  of  the  droppers  have  been 
calculated  to  give  a  level  trolley-wire  with  the  specified  sag,  on  the 
assumption  that  the  points  of  support  of  the  catenary  wire  are  at  the 
same  level. 

The  level  of  the  trolley- wire  will  be  aifected  to  some  extent  by  changes 
of  temperature,  the  variation  of  level  depending  on  the  variation  of  the 
sag  of  the  catenary  wire  with  temperature.  In  considering  the  effects 
of  temperature  on  the  catenary  wire,  we  shall  treat  the  latter  as  a  simple 
catenary  and  adopt  the  method  given  in  Chapter  XXIV,  p.  522. 
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Thus,  if  Z  =  length  (in  ft.)  of  half  the  span  ; 

v/  =  equivalent  weight  per  ft.  of  catenary  wire,  trolley-wire, 

and  droppers ; 
a  =  area  of  cross-section  of  catenary  wire  ; 
a  =  coefficient  of  linear  expansion  ; 
E  =  modulus  of  elasticity  ; 
T,  Ti  =  tension  at  lowest  point  of  catenary  wire  corresponding 

to  temperatures  6,  61  respectively  ; 
S,  S^  =  sag  at  mid-span  corresponding  to  temperatures  6,  61 
respectively ; 
then 

a(ei-e)=^^'{5r2-^}+^(y-^i).     (See  equation  47,  p.  624.) 

Now  8=-^,  and  Si=™-,  therefore,  on  substituting  for  T  and  Tj^, 

we  obtain : 

a(ex-e)=l(S,«-8*)-g(i-i) (56) 

which  gives  the  relation  between  the  sag  and  the  temperature. 

The  value  of  a  for  steel  is  0-0000064  (per  1°  P.),  and  E  should  be 
taken  not  higher  than  26x  10*  lb.  per  sq.  in.  for  stranded  steel  wires.* 

If  the  catenary  wire  in  the  first  example  above  is  erected  with  the 
specified  sag  at  60°  F.,  the  sag  at  various  temperatures,  calculated  from 
equation  (56),  will  be  : 

Temperature  (°  F.)  .  .     24-3     42     60      78-9     98-1     118-2 

Sag  (in.)  .     26        28     30     32        34        36 

This  shows  that  the  trolley-wire,  as  a  whole,  will  be  level  only  at 
one  temperature,  and  at  other  temperatures  the  sections  between  the 
supporting  structures  will  be  above  or  below  their  normal  position,  due 
to  the  variation  of  the  sag  in  the  catenary  wire.  Thus,  for  the  case 
under  consideration,  if  the  trolley-wire  is  level  at  60°  F.,  then,  at  the 
extreme  temperatures  of  22°  F.  and  100°  F.,  the  portion  at  the  centre 
of  the  span  will  be  respectively  4-25  in.  above  and  4-2  in.  below  the 
normal  position. 

Let  us  now  consider  the  sections  of  trolley-wire  between  the  droppers. 
If  each  dropper  were  definitely  anchored  in  position,  we  should  have 
conditions  similar  to  those  in  tramway  work,  and  the  sag  in  each  section, 
due  to  its  own  weight,  would  depend  on  the  tension,  temperature,  &c., 
as  explained  in  Chapter  XXIV. 

An  approach  to  these  conditions  is  obtained  in  the  type  of  con- 
struction originally  installed  on  some  American  railways,  where  rigid 
droppers,  fixed  to  the  catenary  and  trolley  wires,  were  adopted. 

With  this  type  of  construction,  if  there  is  any  appreciable  sag  in 
the  sections  of  the  trolley-wire  between  the  droppers,  the  passage  of  the 
bow  collector  will  produce  waves  in  the  wire,  and  as  the  latter  is  rigidly 
supported  at  the  droppers,  "  pounding  "  or  "  hammering  "  will  occur 

*  This  value  for  E  is  considerably  below  that  (30  x  10*)  for  hard  drawn  steel, 
the  low  value  being  due  to  the  tightening  up  of  the  strands  with  the  load. 
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at  these  points.  On  the  other  hand,  if  the  trolley-wire  is  flexibly  sup- 
ported by  flexible  or  loop  droppers,  the  latter  will  accommodate  them- 
selves to  any  waves  in  the  wire.  It  will  be  seen  later  that  the  latter 
type  of  construction  has  been  adopted  in  recent  American  installations, 
while  the  rigid  type  has  been  modified  by  using  solid  steel  or  a  silicio- 
bronze  alloy  (e.gr.  "  phono-electric  ")  for  the  trolley-wire.  In  this  con- 
nection the  following  remarks — ^abstracted  from  a  paper  by  Mr.  W.  N. 
Smith  * — are  of  interest : — 


(« 


With  the  plain  type  of  catenary  construction,  where  no  take-up  devices 
are  employed,  the  result  is  that  in  warm  weather  the  sections  between  the 
hangers  (oroppers)  become  slack  enough  to  cause  the  sliding  bows  to  pound 
kinks  into  the  wires  at  the  hanger  points.  .  .  .  The  only  remedy  for  this 
situation  ...  is  to  pull  the  wire  sufficiently  tight  so  that  its  strain  at 
maximum  temperature  will  not  be  less  than  ^QOO  lb.  for  a  4/0  (B.  &  S.G.) 
wire.  If  the  minimum  tension  at  100  F.  is  to  be  2000  lb. ;  at  O**  F.  it  will 
be  about  5000  lb.,  and  the  elastic  limit  is  reached  at  5817  lb.  It  is  to  be  ex- 
pected that  copper  trolley-wire,  pulled  tight  enough  to  be  effective  at  maximiun 
temperatures,  will  be  likely  to  get  pulled  beyond  the  elastic  limit  in  the  course 
of  a  season  or  two.  .  .  .  These  considerations  may  explain  much  of  the  trouble 
that  has  been  experienced  with  plain  catenary  construction,  using  heurd -drawn 
trolley-wire.  .  .  . 

'^This  warm -weather  slackness  can  be  obviated  where  a  wire  can  be 
pulled  sufficiently  tight  to  be  at  a  minimiun  of  2000  lb.  at  a  high  temperature 
.  .  .  which  can  be  done  with  '  phono-electric,'  steel,  or  copper-clad  steel 
wire. 

"  It  is  the  writer's  belief  that  without  upwardly  yielding  heuigers,  it  is 
necessary  to  maintain  a  minimum  tension  of  at  least  2000  lb.  ;  and  the  only 
excuse  for  maintaining  a  lower  tension  i&  the  ability  of  the  trolley-wire  to 
yield  at  the  hangers." 

The  position  of  the  trolley-wire  with  respect  to  the  track  should 
be  such  that  the  contact  surface  of  the  bow  collector  will  be  worn 
uniformly  throughout  its  width.  To  obtain  this  result,  it  is  necessary 
to  "  stagger "  the  troUey-wire  with  respect  to  the  centre-line  of  the 
track,  a  stagger  of  9  in.  on  each  side  of  the  centre-line  being  the  usual 
allowance,!  although  the  value  is  influenced  by  the  design  of  the  bow, 
amount  of  side-sway  in  the  trolley-wire,  &c. 

At  curves,  the  super-elevation  of  the  track  rails  and  the  swing  or 
oscillation  of  the  coaches  must  be  carefully  considered  in  locating  the 
position  of  the  trolley- wire,  since  a  slight  tilt  of  the  coach  will  correspond 
to  a  relatively  large  transverse  movement  of  the  bow  on  the  trolley-wire. 
On  sharp  curves,  precautions  have  to  be  taken  to  see  that  the  position 
of  the  track  rails,  at  the  time  of  installation  of  the  overhead  construc- 
tion, is  maintained,  as  any  '*  slewing  "  or  alteration  in  the  super-elevation 
of  the  track  rails  may  result  in  the  bow  leaving  the  trolley-wire.  This 
will  be  appreciated  by  Fig.  441,  which  represents  an  end  view  of  a 
coach  with  a  bow  collector  on  a  curve.    The  correct  position  of  the 

*  "  Electric  Railway  Catenary  Trolley  ConBtruction "  {Tran8€UStion9  of  the 
American  Institute,  of  Electricai  Engineers)^  vol.  29  (1910),  p.  849. 

t  The  zigzag  of  the  trolley- wire  should  be  arranged  alternately  on  each  side  of 
the  centre  line  of  the  track.  For  instance,  in  the  Simplon  Tunnel,  the  trolley-wire 
is  stacgered  in  sections  of  1  kM^  the  sections  being  arranged  alternately  on  the  right 
and  the  left  of  the  centre  line  of  the  track.  In  this  manner,  the  life  of  the  wecuing 
strips  on  the  bows  was  trebled,  the  origincJ  staggering  being  arranged  symmetrically 
throughout.     See  The  Electrician,  vol.  72,  p.  58. 
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trolley-wire  can  be  obtained  when  the  super-elevation  of  the  track,* 
height  of  trolley-wire  above  the  track,  and  particulars  of  the  coaches  are 
known.  In  practice,  it  is  more  convenient  to  adopt  the  T-square  method, 
as  indicated  in  Fig.  442.    The  head  of  the  T-square  is  arranged  to  fit 


5 


£ 


Fig.  441. 

Showing  tilt  of  coach 
due  to  super-ele- 
vation of  track. 


Fio.  442. 

T-s<]^uare  for  set- 
ting TroUey- 
wire.  Exten- 
sions, shown 
dotted,  indi- 
cate the  limits 
of  stagger. 


the  gauge  of  the  track  rails,  and  the  centre-line  of  the  track  is  marked 
on  the  end  of  thq  blade  (which  may  be  adjustable  vertically).  With 
this  device  the  correct  stagger  of  the  trolley- wire  can  be  obtained  under 
all  conditions. 


Pabt  II.    Typical  Examples  of  Overhead  Construction  on 

Railways 

We  will  now  describe  some  typical  examples  of  overhead  construction 
installed  on  railways,  dealing  first  with  the  catenary  system  of  con- 
struction, and  following  this  with  the  system  adopted  on  three-phase 
railways.  As  tunnels,  bridges,  &c.,  generally  require  special  overhead 
construction,  we  shall  consider  these  cases  together. 

Single  Catenary  Construction.— ^This  type  of  overhead  construction 

is  adopted  on  a  large  scale  in  America  for  interurban  roads  operating 
at  voltages  between  1200  and  6000  volts.  The  conditions  on  these  roads 
generally  correspond  to  light  trafiic  (i.e.  trains  of  from  one  to  three  cars), 
and  consequently  do  not  warrant  an  expensive  overhead  installation. 
In  the  majority  of  cases  wooden  poles  are  used,  with  a  bracket-arm 

*  The  super-elevation  can  bo  obtained  from  formula 

V 
A' =-0-8  4 

where  is/ =  super-elevation  in  inches,  K— velocity  of  train  in  ml.p.h.  and  i2— radius 
of  curve  in  ft. 
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of  L,  T,  or  I  section  for  carrying  the  catenary  wire,  while  the  latter  is 
supported  by  porcelain  insulators  fixed  to  the  bracket  arm.  A  typical 
pole,  bracket,  and  insulator  are  shown  in  Pig.  443. 

The  trolley-wire  is  maintained  in  the  correct  position  with  respect 
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Fig.  443. — Bracket-arm  Construction  for  6600-volt  Light  Railways. 

to  the  track  by  pull.-oflfs,  which  were  originally  of  the  type  shown  in 
Pig.  443,  but  in  modern  installations  the  "spreader"  type  (shown  in 
Pig.  444)  has  been  adopted,  since  this  gives  greater  flexibility  to  the 
trolley-wire.  These  pull-oSs  and  steady  braces  are  usually  insulated 
with  treated  hickory  wood  supplemented  by  porcelain  insulators  when 


Fig.  444. — General-Electric  "  Spreader  "  Type  Pull-off. 


the  operating  voltage  exceeds  6000  volts.  At  curves  the  pull-ofif  wires 
are  attached  to  bridles  or  pull-oS  poles  in  a  manner  similar  to  that 
adopted  in  tramway  construction. 

The  droppers  were  originally  of  the  rigid  type,  securely  fixed  to  both 
trolley  and  catenary  wires,  but  recently  a  loop  type  of  dropper,  fixed 
only  to  th^  trolley-wire,  has  been  introduced.  This  type  of  dropper 
is  shown  in  Fig.  445. 
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The  following  partieUlars  refer  to  a  typical  construction  on  straight 
track : — 


Length  of  span  ..... 

Number  of  droppers  per  span 

Size  of  trolley- wire      .... 

Size  of  catenary  wire  .... 

Sag  at  mid-span  (70°  E.)      . 

Distance  betw^een  trolley-wire  and  caten- 
ary wire  at  mid-span 

Normal  height  of  troUey-wire  above 
track  rails   ..... 


150  ft. 

10  or  11. 

4/0  B.  &S.G.  (0-46in.  dia.) 

7/16in.  dia.  (=7/7  B.  &  S.G.) 

16  to  20  in. 

6  to  8  in. 

22  ft. 


As  a  further  example  of  single  catenary  construction  we  may  consideT 
the  experimental  installation  of  about  five  route  miles  between  Bury 
and  Holcombe  Brook  on  the  Lancashire  and  Yorkshire 
Railway.  This  line  was  converted  to  electric  traction  for 
experimental  purposes  in  connection  with  the  high-voltage 
continuous-current  system.  Continuous  current  at  3750 
volts  is  supplied  to  the  trolley- wire,  and  is  collected  by  a 
collector  of  the  pantagraph  type. 

Bracket-arm  construction  with  lattice  poles  has  been  adopted 
on  single  track  (except  on  the  viaduct  shown  in  Fig.  446)  and 
gantry  construction  at  places  where  two  or  more  tracks  are 
equipped.  A  view  of  the  overhead  construction  on  a  viaduct  in 
given  in  Fig.  446.*  The  length  of  the  span  on  this  viaduct  is 
400  ft.,  and  the  position  is  a  very  exposed  one.  In  order  to 
increase  the  lateral  stability  of  the  trolley- wire,  auxiliary  wires 
are  run  from  each  gantry  (on  either  side  of  the  trolley-wire) 
to  points  near  the  centre  of  the  span,  and  cross-wires  connect 
the  auxiliary  wires  with  certain  droppers.  The  catenary  wire 
(12/11  S.W.G.)  is  supported  on  porcelain  insulators  fixed  to 
the  top  of  the  gantries  (or  to  the  bracket  arms),  and  the  trolley- 
wire  (6/0  S.W.G. ,  0-464  in.  dia.)  is  suspended  from  the  catenary 
wire  by  light  (wire)  droppers  spaced  about  15  ft.  apart.  With 
the  bracket-arm  construction  the  normal  length  of  span  on 
straight  track  is  150  ft. 

Double  Catenary  Construction.— This  type  of  construc- 
tion has  been  adopted  for  the  suburban  lines  of  the  London, 

Brighton,  and  South  Coast  Railway.    The  total  length  of 

overhead  equipment  is  equivalent  to  approximately  200  miles 
of  single  track,  and  forms  the  most  extensive  exampl  ^  of  rail- 
way overhead  construction  in  this  country,  f    The  electrifica- 
tion includes  two  London  termini,  with  extensive  fan- ways,  and  several 
double-track  junctions,  while  several  low  bridges  and  tunnels  have  had 

*  The  overhead  construction  and  entire  electrical  equipment  were  installed 
by  Messrs.  Dick,  Kerr  &  Co.,  to  whom  the  author  is  indebted  for  the  photograph. 

t  The  overhead  construction  was  designed  by  Mr.  Philip  Dawson  (see  Minutes 
of  Proceedings^  Institution  of  Civil  Enginprrs^  vol.  186,  p.  29,  "  On  the  Electrification 
of  a  Portion  of  the  L.B.  and  S.C.  Ry.'*)  and  was  erected  by  Messrs.  R.  W.  Blackwell 
&Co. 

The  author  is  indebted  to  Mr.  Philip  Dawson,  M.Inst.C.E.,  Consulting  Electrical 
Engineer  to  the  L.B.  euid  S.C.  Ry.,  for  the  photographs  illustrating  t^s  installa- 
tion. Mr.  Dawson  was  responsible  for  the  design  and  carrying  out  of  All  the  work 
connected  with  the  electrification. 

2m 


Fig.  445. — 

Loop 

Dropper. 


ELECTRIC  TRACTION 


to  be  negotiated.*    The  single-phase  aystem  is  used  throughout,  the 
operating  voltage  being  6600  volte. 

•  See  p.  665  for  dstaile  of  the  overhead  conetniction  at  low  bridges  and  tunnels. 
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The  supporting  structures  for  the  overhead  work  are  of  several 
types :  thus,  built-up  lattice  gantries,  spaiuiiug  two  or  more  tracks, 
have  generally  been  adopted  for  the  lines  in  the  London  area,  while 
cantilever  structures,  bracket-arms,  centre-poles,  and  joist-type  gantries 
have  been  used  for  the  suburban  area. 

Some  of  these  structures  are  shown  in  the  views  of  Figs,  447,  448, 
449.  The  spacing  of  the  supporting  structures  on  straight  track  varies 
trom  100  ft,  to  200  ft,,  depending  on  the  type  of  structure. 

Each  of  the  catenary  wires  is  made  up  of  twelve  galvanised  st«el 


ITiu.  447. — Four-track  Gantry  Construction  oa  London,  Brighton,  and  South  Coast  Railway. 

strands,  each  0-088  in.  in  diameter.  The  catenary  wires  are  not  con- 
tinuous from  span  to  span  (as  in  the  above  examples],  but  each  span 
terminates  at  the  supporting  insulators.  Each  section  ix  attached  to 
insulators,  fixed  to  the  gantries,  and  is  provided  with  a  tum-buckle  at 
each  end,  so  that  the  sag  may  be  adjusted  to  the  specified  value  [see  Fig. 
iSO).  The  sags  in  the  adjacent  spans  are  adjusted  so  that  the  supporting 
structures  have  only  to  carry  the  dead  weight  of  the  wires,  &c. 

Double  insulation  is  used  throughout  the  overhead  equipment,  and 
two  sizes  of  porcelain  insulators  have  been  made  to  suit  all  requirements. 
The  main,  or  gantry,  insulators  are  of  the  corrugated  spool  type  with  a 
central  steel  tube,  and  are  mounted  on  trunnions  bolted  to  the  gantries. 
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la.  449. — Four-track  Cantilever  Coiutructiun  on  Landon,  Brighton,  and 
South  Coast  Railway.  (Note. — This  conatruction  is  adopted  wheru 
the  tracks  are  adjacent  to  those  of  the  London  and  South-Western 
Rail  way. ) 


// 
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The  secondary,  or  catenary,  insulators  are  also  of  the  spool  type,  with 
a  central  steel  tube,  but  are  considerably  lighter  than  the  gantry  insu- 
lators. A  catenary  insulator  is  fixed  on  each  side  of  a  gantry  insulator, 
and  the  catenary  wires  are  attached  to  straps  which  are  clamped  to  the 
body  of  the  insulator,  as  shown  in  Fig.  450.  It  should  also  be  noted 
that  the  porcelain  is  subjected  only  to  compressive  stress. 

The  grooved  trolley-wire  consists  of  hard-drawn  copper — 0-5  in.  in 
diameter  (7/0  S.W.G.) — ^and  is  supported  from  the  catenary  wires  by 
double  droppers,  spaced  about  10  ft.  apart.  The  droppers  consist  of 
iron  wire,  about  ^  in.  in  diameter,  and  are  looped  to  cUps  attached 
to  the  catenary  wire.  Where  the  length  exceeds  2  ft.  6  in.  they  are 
divided  into  two  sections,  linked  together,  as  shown  in  Figs.  449,  450. 

The  troUey-wire  is  erected  with  a  maximum  stagger  of  9  in.  on  either 
side  of  the  centre  of  the  track,  and  is  maintained  in  the  correct  position 
by  pull-off s  (constructed  of  thin  galvanised  steel  tube),  which,  under 
normal  conditions,  are  fixed  to  the  turn-buckles  at  the  end  of  each 
span  (see  Fig.  460),  and  therefore  do  not  require  additional  insulators. 


Trolley  W/re. 
Fio.  450. — Arrangement  of  Insulators  and  Pull-off  (L.B.  and  S.C.  Railway). 

» 

This  type  of  pull-off  cannot  be  used  at  cross-overs  and  over-bridges, 
and  in  these  cases  the  type  with  insulators,  shown  in  Fig.  447,  has  been 
adopted.  The  insulators  on  these  pull-offs  are  identical  with  those  used 
on  the  gantries. 

At  curves,  the  spacing  of  the  supporting  structures  is  arranged  so 
that  no  pull-off  wires  are  required. 

The  normal  height  of  the  trolley- wire  above  the  rail  level  is  16  ft., 
but  at  the  London  termini  and  at  sidings,  where  unloading  of  wagons 
occurs,  the  Board  of  Trade  required  the  trolley- wire  to  be  fixed  19  ft. 
9  in.  above  the  rails  (t.c.  6  ft.  6  in.  above  the  highest  portion  of  any 
coach). 

At  the  Victoria  terminus  it  has  been  necessary  to  instal  *'  dead  sec- 
tions "  luider  three  very  low  bridges,  as  the  6-in.  clearance  between  the 
structure  gauge  (14  ft.)  of  the  bridges  and  the  loading  gauge  (13  ft.  6  in.) 
was  not  sufficient  to  allow  the  Uve  wires  to  be  carried  through. 

The  trolley- wire  is  divided  into  sections,*  which  are  fed  and  con- 
trolled from  switch  cabins  located  at  various  parts  of  the  system,  and 
each  section  is  "  dead  ended  "  or  anchored  at  both  ends.  The  ends  of 
adjacent  sections  overlap  for  a  short  distance,  and  form  an  efficient  air- 
insulated  section-insulator« 

The  first  American  trunk  line  to  be  converted  to  single -phase  traction 

•  The  method  of  feeding  the  various  sections  is  discussed  in  Chapter  XXVI. 
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was  the  Wood  Iftwii -Stamford  section  of  the  New  York,  New  Haven, 
and  Hartford  Railroad.  This  line  was  equipped  on  the  double  catenary 
system  with  a  4/0  B.  &  S.G.  copper  trolley-wire  and  -^^  in.  stranded 
atee!  catenary  wires.  At  interval^  of  10  ft.  a  triangular  framework, 
confltructed  of  gas*pipe,  connected  the  trolley-wire  to  the  catenary  wires, 
thereby  forming  a  somewhat  rigid  construction  (see  Fig.  451).  This 
method  of ■  construction  was  not  satisfactory  under  service  conditions,* 
and  was  subsequently  modified  by  the  addition  of  a  solid  steel  wire  below 
the  copper  wire,  supported  from  the  latter  by  short  clips  between  the 


droppers  (see  Fig,  455,  p.  554).  The  normal  distance  between  the 
gantries  on  straight  track  was  300  ft. 

It  is  interesting  to  note  that  this  combination  of  steel  and  copper 
has  been  adopted  on  the  extensions  to  the  New  Haven  system  (see  p.  552), 
where  the  compound  catenary  system  has  been  installed. 

Compound  Catenary  Gonstmction.—In  this  type  of  construction  we 
find  a  considerable  difference  between  European  and  American  practice, 
European  installations  being  htted  with  devices  for  maintaining  a 
constant  tension  on  the  trolley-wire  under  all  conditions  of  temperature, 
while  American  installations  are  characterised  by  the  absence  of  snch 
devices. 

The  principal  type  of  compound  catenary  construction  adopted  in 

•  See  a  paper  by  Mr.  W.  f 


OVERHEAD  CONSTRUCTION  ON  RAILWAYS     551 

Europe  is  that  developed  by  Messrs.  Siemene-Schuckert,  to  which  refer- 
ence has  abeady  been  made.  This  aystem,  with  some  modifications, 
has  been  installed  on  the  Midland  Railway  Oo.'s  *  branch  line  between 
Lancaster,  Heyaham,  and  Morecambe,  the  total  length  of  overhead 


equipment  being  equivalent  to  21  miles  of  single  track.    The  line  is 
operated  with  single-phase  current  at  6000  volts. 

The  general  arrangement  of  the  overhead  construction  on  this  line 
is  shown  in  Fig.  452.  The  catenary  wires  consist  of  two  ^  S.W.G. 
st«el  cables,  which  are  chpped  together  for  nearly  the  whole  span.  At 
the  supporting  insulators  the  wires  divide  and  pass  through  grooves  in 
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a  ring  fixed  to  the  head  of  the  insulator,  so  that  the  catenary  wire  is 
free  to  move  longitudinally  over  a  limited  distance.  The  tension  between 
adjacent  spans  is  therefore  equalised,  while  if  a  break  occurs  the  catenary 
wires  are  not  pulled  down. 

From  the  catenary  wire  an  auxiUary  wire  (of  ^  S.W.G.  stranded  steel) 
is  hung  by  droppers  clipped  to  each  at  intervals  of  20  ft.  The  trolley- 
wire — ^which  is  of  hard-drawn  copper  of  grooved  section,  equivalent  to 
3/0  S.W.G.  (0-108  sq.  in.) — is  supported  from  the  auxiliary  wire  by 
looped  droppers,  clipped  to  the  former  at  intervals  of  10  ft.  These 
droppers  are  all  of  uniform  length  (about  4  in.),  while  those  supporting 
the  auxiliary  wire  are  of  variable  length,  according  to  their  position  in 
the  span. 

The  catenary  wires  are  insulated  from  the  gantries  by  porcelain 
insulators  of  the  triple  petticoat  pin  type,  supplemented  by  spool  type 
insulators  on  either  side.* 

At  the  stations  the  gantries  consist  of  built-up  lattice  structures 
(see  Fig.  452),  but  at  other  parts  of  the  line  a  light  structure  consisting 
of  two  angle-irons  carried  on  wooden  poles  is  adopted. 

The  trolley-wire  and  the  auxiliary  wire  are  anchored  laterally  at 
each  gantry  by  a  pull-off,  which  is  cUpped  to  the  trolley-wire  and  hinged 
to  the  gantry.  This  design  of  pull-off,  together  with  the  loop-tjrpe 
droppers,  allows  longitudinal  movement  of  the  trolley- wire,  independent 
of  the  auxiliary  wire,  and  does  not  restrict  the  flexibility  verticaUy. 

In  accordance  with  the  standard  practice  of  Messrs.  Siemens-Schuckert, 
the  line  was  originally  fitted  with  automatic  tightening  devices. f  This 
gear  has  been  discarded,  as  only  a  very  small  movement  of  the  tightening 
weight  occurred  in  practice. 

In  view  of  the  successful  operation  of  the  railways  on  which  no 
automatic  tightening  gear  has  been  installed,  it  is  apparent  that  such 
devices  are  not  absolutely  necessary,  while  the  additional  complication 
of  the  overhead  work  is  not  warranted  by  the  results  obtained.  J 

As  a  contrast  to  the  above  system  of  construction  we  will  consider 
the  latest  type  of  catenary  construction  installed  on  the  Harlem  Biver 
and  Westchester  branches  of  the  New  York,  New  Haven,  and  Hartford 
Railroad.  Typical  views  of  the  construction  on  straight  and  curved 
track  are  given  in  Figs.  453,  454.^ 

Two  catenary  wires,  in  addition  to  the  troUey-wire  and  an  anxiUary 
wire,  are  erected  over  each  track.  The  upper  catenary  wire  is  a  f-in 
diameter  stranded  steel  cable,  and  serves  as  the  main  supporting  cable 
for  the  other  wires.  It  is  clamped  directly  to  the  top  of  the  gantries, 
which  are  spaced  300  ft.  apart  on  straight  track  and  a  minimum  of  200  ft. 

*  The  spool  tyye  insulators  were  not  included  in  the  original  installation. 

t  For  views  of  overhead  constructions  with  these  devices  see  The  Electrician^ 
vol.  68,  p.  461  ;    The  Engineer,  vol.  114,  p.  172. 

*  In  a  paper  on  "  The  Electrification  Schemes  of  the  Chemin  de  fer  du  Midi," 
Monsieur  E.  J.  Jullian  states  :  *'  It  is  clear  from  these  tests  that  the  admplest  over- 
head equipment  is  the  best,  for  almost  all  accidents  are  due  to  the  faulty  working 
or  breaking  of  apparatus  introduced  to  obtain  a  better  compensation  or  a  greater 
flexibility  tor  the  line,  and  the  efficiency  of  such  apparatus  is  in  general  very 
doubtful  "  {Journal  of  the  Institution  of  Electrical  Engineers,  vol.  51,  p.  660). 

§  The  author  is  indebted  to  Mr.  W.  S.  Murray  for  the  photographs  of  the  New 
Haven  electrification.  For  detailed  drawings  of  the  overhead  construction  see 
Mr.  Murray's  paper  on  '*  Trunk  Line  Electrification  "  (Tranaaciions  of  the  American 
Institute  of  Electrical  Engineers,  vol.  30,  p.  1437). 
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on  curves.  Two  3-in.  "  I  "  -beams,  weighing  5^  lb.  per  ft.,  are  clamped 
to  each  span  of  the  supporting  cables  so  a«  to  span  the  tracks.  These 
I-beams  are  spaced  15C-  ft.  apart  on  straight  track,  and  carry  the  insu- 
lators from  which  the  main  catenary  wires  are  suspended  (see  Fig.  454). 
The  insulators  are  of  the  double  petticoat  type,  and  will  withstand  a 
dry  test  of  110,000  volts,  the  operating  voltage  being  11,000.  The 
main  catenary  wire  is  a  f-in.  diameter  stranded  steel  cable,  from  which 
a  4/0  B.  &  S.G.  grooved  copper  wire  is  suspended  by  rigid  droppers 
or  hangers  spaced  10  ft.  apart,  the  hangers  being  adjusted  so  that  this 


N.H..  and  H.R.R.  Com- 

^„ „„.     „. ^._   __.   straight  track;  B.  int-er- 

inclinpd  hangpr  for  curved  track  ;  If,  piill-ofl  clip. 


FlO.  45.5. — Details  of  Hangers  and  Clips  for 
pound  Cat+'nary  CoriHtriiclion.  A,  hangi 
mediate  clip;  "    --'•- 


wire  is  horizontal.  A  4/0  B.  &  S.G.  grooved  steel  wire  is  used  as  the 
trolley-wire,  and  is  clipped  to  the  auxUiary  wire  at  points  midway  be- 
tween the  hangers. 

The  trolley-wires  are  erected  approximately  over  the  centre  of  each 
track,  and  on  curves  the  alignment  is  maintained  by  the  use  of  inclined 
hangers  attached  directly  to  the  clips.  The  hangers  are  designed  so 
that,  when  attached  to  the  catenary  wire  and  projecting  towards  the 
centre  of  the  curve,  the  trolley-wire  will  follow  the  centre  of  the  track. 
The  angle  of  inclination  varies  with  the  radius  of  the  curve,*  and  the 
length,  of  course,  varies  with  the  position  of  the  hanger.  By  connecting 
the  horizontal  projection  of  the  hanger  directly  to  the  clip  attached  to 
•  The  variation  ot  rhe  inclination  (it  the  hangers  ia  shown  in  Fig.  486. 
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the  trolley  and  feeder  wires,  the  latter  are  maintained  in  a  vertical  plane. 
These  hangers  and  clips,  together  with  those  used  for  straight  track,  are 
shown  in  Fig.  465.  Pull-ofi  wires  are  only  used  on  curves  sharper  than 
4  degrees  (1433  ft.). 

All  the  overhead  wires  are  sectionalieed  at  intervals  of  about  three 
miles,  special  anchor  gantries  of  heavy  construction  being  installed  for 
this  purpose  (see  F^,  485,  p.  B97).    The  main  supporting  cables  and 


Fio.  466. — Construction  at'Reveroe  Curve  on  Norfolk  and  Western  Railway. 

the  catenary  cables  are  anchored  to  each  side  of  the  gantry,  while  the 
trolley-wires  are  run  through,  and  aie  anchored  to  the  catenary  wires 
in  the  adjoining  sections.  The  trolley-wires  belonging  to  the  same  track 
are  kept  a  short  distance  apart  when  passing  under  the  gantry,  and  are 
insulated  from  the  catenary  cables  to  which  they  are  anchored.  In  this 
manner  a  very  effective  air-insulated  section-insulator  is  formed. 

A  simplified  form  of  compound  catenary  construction  has  been  adopted 
for  the  electrification  of  the  Norfolk  and  Weatem  Railway.  *    The  upper 
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catenary  wire  in  the  constniction  illustrated  in  Figs.  4-53,  454  is  dispensed 
with,  and  the  main  catenary  wire  is  supported  from  the  gantries,  which, 
in  this  case,  are  of  light  tubular  construction,  and  are  spaced  about 
150  ft.  apart  on  straight  track.    A  view  of  the  construction  at  a  reverse 


fx. 


curve  is  shown  in  Fig.  456.  This  view  shows  clearly  the  variation  of  the 
inehnation  of  the  hangers,  the  latter  being  of  similar  design  to  those 
adopted  for  the  construction  illustrated  in  Fig.  465,  At  sharp  curves, 
pull-off  wires  are  adopted,  as  shown  in  Fig,  456. 

The  overhead  construction  on  the  Norfolk  and  Western  Railway 
possesses  the  special  feature  that  only  one  type  of  insulator  is  used,  thw 
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being  the  standard  BuspenBton-type  insulator  *  adopted  for  overhead 
transniission  lines.  The  operating  voltage  ia  11,000  volts,  and  three 
insulators  are  connected  In  Bories. 

Gross  Catenary  Constraction, — In  some  cases,  where  a  large  number 
of  tracks  ha  ve  to  be  spanned^.?,  at  goods  yards,  train-shed  fan-ways,  &o. 


Fio.  4S0. — Siuglo  Catenary  Construction  on   the   Lacco-Cbloliio-Sciunbio 
Section  of  the  Italian  State  Railways. 

— the  catenary  wires  are  suspended  from  transverse  span-w:ire8.  which 
are  erected  with  considerable  sag  between  towers  on  each  side  of  the 
track.     By  this  method,  the  heavy  top  girder,  which  would  be  required 

•  For  data  of  this  type  o(  iimulator  see  Tranmcliona  of  the  American  InafituU 
of  Eleclricai  Enginftrt,  vol.  30,  p.  2303  ;  vol.  31.  pp.  907,  2143:  vol,  33,  pp  1721. 
1731  ;   FroKCKdinga,  vol.  34,  p.  1423. 
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in  gantry  construction,  is  dispensed  with,  but  higher  towers  are  neces- 
sary on  account  of  the  sag  in  the  span-wiye. 

Views  of  typical  cross-catenary  construction  are  shown  in  Figs.  457, 
468,  the  former  figure  illustrating  the  construction  at  curved  track  (on 
the  Norfolk  and  western  Railway),  and  the  latter  figure  illustrating  the 
construction  at  straight  track.  The  view  in  Fig.  458  shows  a  portion 
of  the  Oak  Point  Yard  (of  the  New  Haven  Railroad),  where  approxi- 
mately 42  miles  of  track  are  electrified. 

In  each  case  the  main  catenary  insulators  are  suspended  from  the 
span-wires  by  droppers  of  various  lengths,  so  that  the  insulators  are 
in  the  same  horizontal  plane.  Each  span- wire  is  provided  with  turn- 
buckles,  which  are  attached  directly  to  the  towers.  Lateral  stabiUty 
is  obtained  by  horizontal  steady-^ires,  which  are  insulated  from  the 
towers  and  from  the  catenary  and  trolley-wires. 

Fig.  458  also  illustrates  some  examples  of  bow  deflectors,  which  are 
necessary  at  junctions  in  order  to  provide  a  smooth  passage  for  the 
bow  when  crossing  from  one  wire  to  another.  The  type  of  deflector 
shown  in  the  figure  consists  of  a  light  angle-steel  framework,  which  is 
supported  between  the  converging  trolley- wires,  so  that  the  lower  edges 
of  the  longitudinal  members  are  level  with  the  trolley-wires.  The  bow 
collector  is  therefore  provided  with  a  continuous  path  of  contact,  and 
fouling  of  the  wires  is  thereby  prevented. 

Overhead  Construction  on  Three-phase  Railways 

From  the  above  descriptions  of  overhead  construction  on  the  catenary 
system,  it  will  be  realised  that  at  double-track  junctions  and  terminal 
station  fan- ways  the  overhead  wiring  is  somewhat  complicated.  If 
each  track  had  to  be  equipped  with  two  trolley-wires  at  different  poten- 
tials, the  complication  would  be  increased  very  considerably,  for  we 
should  have  to  separate  each  of  the  catenary  wires  as  well  as  the  troUey- 
wires.  Under  these  circumstances  it  is  not  surprising  that  the  above 
systems  of  construction  have  only  been  adopted  to  a  limited  extent  for 
three-phase  railways,  where  two  overhead  conductors  are  required.* 

In  Fig.  459  is  given  a  view  showing  the  type  of  single  catenary  con- 
struction installed  by  the  Society  Italiana  Westinghouse  on  a  portion 
of  the  Italian  State  Railways.  Vertical  flexibility  of  the  troUey-wire 
is  obtained  by  a  parallel-motion  linkwork.  This  linkwork  also  provides 
the  necessary  lateral  stabiUty  for  the  trolley- wire. 

Generally  the  operating  voltage  of  three-phase  railways  does  not 
exceed  3300  volts,  and,  with  one  exception  (the  Cascade  Tunnel, 
U.S.A. ),t  bow  collectors  are  universally  adopted.  At  this  voltage  it  is 
practicable  to  use  insulated  hangers,  suspended  from  span-wires  in  a 
manner  similar  to  that  adopted  for  side-pole  construction  on  tramways, 
and  in  order  to  avoid  too  large  a  sag  in  the  trolley-wire  it  is  necessary 
to  adopt  short  spans.  The  weight  to  be  supported  from  the  bracket- 
arm  is  therefore  small,  and  a  light  pole  and  bracket-arm  can  be  adopted. 
The  light  poles  and  bracket-arms  are  a  characteristic  feature  of  Conti- 
nental three-phase  railways,  and  form  a  striking  contrast  to  the  built-up 
structures  on  some  single-phase  railways. 

•  The  cross-catenary  system  has  been  used  to  some  extent  in  ca«es  where  a  large 
number  of  tracks  have  had  to  be  spanned. 

t  The  operating  voltage  for  the  Casc€ide  Tunnel  electrification  is  6600  volts. 
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Typical  views  of  the  overhead  construction  on  the  QiOTi-Qwoa  lines 
of  the  Italian  State  Railways  and  the  Slmplon  Tumel  line  are  given  in 
Figs.  460  to  463.*  These  views  show  clearly  the  insulated  hangers 
and  method  of  suspension.     It  will  be  observed  that  triple  insulation 


is  used  throughout,  and  that  two  t>-pe8  of  hangers  are  adopted  on  the 
Giovi  lines,  one  being  similar  to  that  used  on  the  Simplon  line. 

In  the  Simplon  type  of  hanger  the  trolley-wire  is  supported  by  an 
insulated  bolt,  which  is  carried  in  a  cross-bar  fixed  into  hooded  porceUin 
insulators.    These  insulators  are  Utted  with  metal  caps,  which  are  pro- 
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vided  with  clamping  screws  for  attachment  to  the  supporting  span- 
wire.  The  hangers  shown  in  Fig.  460  are  provided  with  porcelain 
insulators  of  a  uniform  design,  and  the  insulators  for  each  hanger  are 
fixed  into  a  casting.  Under  normal  conditions  the  two  hangers  are 
attached  to  the  same  span-wire,  and  are  spaced  1  metre  between  centres, 
the  span-wire  being  insulated  from  the  bracket-arm  by  porcelain  insu- 
lators of  either  the  shackle  or  the  spool  type. 

In  three-phase  railways  the  portions  of  the  overhead  work  requiring 
the  most  care  in  design  and  erection  are  cross-Overs  and  janctions.  At 
these  places  it  is  necessary  to  provide  a  continuous  path  for  each  bow 
collector,  and  at  the  same  time  prevent  a  bow  from  being  in  contact 
with  wires  of  opposite  polarity.  It  will  be  apparent,  therefore,  that 
neutral  sections  and  section-insulators  are  required  in  addition  to  live 
wires. 

The  positions  of  the  live  wires,  dead  sections,  and  section  insulators 
can  be  determined  by  marking  off,  on  a  plan  of  the  track  rails,  the  space 
swept  out  by  each  bow.*  If  the  areas  so  obtained  are  marked  in  a  dis- 
tinctive manner,  then  it  is  obvious  that  dead  sections  must  be  inserted 
where  these  areas  overlap.  This  may  be  illustrated  by  considering  the 
simplest  case  of  a  Y-junction  on  a  single  track.  A  plan  is  first  made 
of  the  position  of  the  track  rails,  and  the  space  swept  out  by  each  bow  is 
then  obtained  by  the  use  of  a  template.  The  result  of  this  process  is 
represented  in  Fig.  464a.  It  will  be  apparent  from  this  diagram  that 
the  outer  wires  may  be  continuous,  but  the  inner  wires  must  be  fitted 
with  section-insulators  and  a  dead  section  where  the  tracks  converge 
to  a  single  road.  The  overhead  wiring  must  therefore  be  arranged  as 
indicated  in  Fig.  464^.  The  section  insulators  generally  consist  of 
treated  wood,  and  have  a  length  of  about  3  ft. 

Overhead  Construction  at  Low  Ovbr-bridoes  and  Tunnels 

The  minimum  height  of  the  trolley-wire  above  the  track  rails  is 
determined  by  the  minimum  clearance  allowed  above  the  "'loading- 
gauge."  t 

Obviously,  at  very  low  bridges,  which  have  been  constructed  with 
the  minimum  clearance,  we  shall  not  have  space  in  which  overhead  wires 
and  their  supports  can  be  erected.  Therefore  we  must  either  lower  the 
track  to  obtain  the  necessary  space,  or  instal  a  dead-section,  which 
consists  of  earthed  guide -wires  attached  directly  to  brackets  fixed  to  the 
bridge.  In  the  latter  case  the  trolley-wire  is  dead-ended  at  each  end 
of  the  bridge,  and  a  neutral  (or  insulated)  section  is  inserted  between 
the  dead  wires  and  the  trolley-wires  to  provide  a  continuous  path  for 
the  bow. 

At  bridges  where  the  necessary  space  is  available  for  the  erection 
of  overhead  wires,  the  design  of  the  supports  for  the  insulators,  &c., 
will  be  influenced  largely  by  local  conditions.  In  cases  where  the  width 
of  the  bridge  is  not  great;  it  is  possible  to  arrange  the  framework  carrying 

*  This  may  bo  done  most  conveniently  by  preparing  a  plan  or  template  (on  tracini; 
paper)  of  the  wheel-base  of  the  locomotive  or  motor-coach  with  the  pdsition  and 
width  of  each  bow  marked. 

t  The  ''  loading-gaiige  *'  is  defined  as  the  profile  within  which  every  vertical 
section  through  the  rolling  stock  must  be  contained.  It  varies  slightly  with 
different  railways. 
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the  insulators  at  each  end,  but  in  other  caees  it  may  be  necessary  to  fix 
intermediate  insulated  supports  under  the  bridge. 

The  arrangement  of  the  overhead  work  at  bridges  on  the  London, 
Brigllton,  and  Sonth  Coast  Railway  Oo.'S  single-phase  system  is  illus- 
trated in  Fig.  465,  and  the  method  illustrated  has  been  found  to  meet 
practically  all  cases  on  this  railway.  The  illustrations  show  sufficient 
detail  to  render  a  detailed  description  unnecessary.  It  ie  interesting 
to  note  that  the  insulators  are  of  the  same  type  and  size  as  those  erected 
on  the  gantries  (p.  549),  the  "catenary"  insulator  being  used  to  insulate 


the  projecting  U-shaped  member  (to  which  the  catenary  wires  are  clamped, 
from  the  framework,  while  the  "gantry"  insulator  is  used  to  insulate 
thia  framework  from  the  bridge. 

On  the  electrified  lines  of  the  Midland  Railway  (p.  551)  the  overhead 
wires  tiad  to  be  taken  through  several  low  bridges  of  the  arch  type. 
In  this  case  the  catenary  wire  was  dead-ended  at  each  end  of  the  bridge, 
and  the  auxiliary  and  trolley  wires  were  run  through.  At  several  of 
these  arches  over  double  track  it  was  necessary  to  run  the  wires  towards 
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the  centre  of  the  arch  in  order  to  obtain  sufficient  clearance  and  to  keep 
the  wires  and  insulators  out  of  the  direct  blast  from  steam  locomotives. 

In  all  cases  where  live  wires  have  to  be  taken  under  bridges,  &c., 
it  19  necessary  to  arrange  that  the  gradient  between  the  two  levels  of 
the  troUey-wire  is  such  that  the  bow  will  remain  in  contact  with  the 
trolley-wire  at  all  speeds,  otherwise  considerable  flashing  will  occur. 
With  the  ordinary  type  of  bow  collector,  a  gradient  of  1  in  50  is  satis- 


Fro.  466. — Construction  at  Hoosac  Tunnel  (Boston  and  Maine  R.R.)- 

factory  at  speeds  of  40  ml,p,h.,  but  at  higher  speeds  and  with  a  panta- 
graph  collector  the  gradient  must  be  limited  to  about  1  in  100. 

TnnnfilB.— *An  example  of  overhead  construction  |on  the  double 
catenary  system)  in  a  double-track  tunnel  on  the  suburban  system  of 
the  London,  Brightoii,  and  South  Coast  Railway  is  given  in  Fig.  465. 
Here  the  "gantry"  insulators  are  carried  on  joists,  which  are  bolted 
to  cast-iron  side  brackets  built  into  the  tunnel,  the  brackets  and  joists 
being  covered  with  cement  to  prevent  corrosion. 

A  further  example,  showing  the  appHcation  of  the  single  catenarj- 
system  to  a  double-track  tunnel,  is  given  in  Fig.  466.  This  particular 
construction  has  been  installed  in  the  Hoosac  Tunnel  (on  the  Boston 
and  Maine  Railroad),  which  is  25,080  ft.  (4-75  miles)  long.    Traffic  is 
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handled  by  electric  locomotives  supplied  with  single-phase  current  at 
11,000  volts.  The  electric  locomotives  are  coupled  to  the  steam  loco- 
motive, and  haul  the  complete  train  through  the  tunnel. 

The  trolley-wires  for  each  track  consist  of  two  4/0  B.  &  S.G.  grooved 


FiQ.  468. — Construction  ia  Simplon  Timnel. 

"  phono-electric  "  •  wires,  suspended,  in  the  same  horizontal  plane,  from 
a  stranded  copper  catenary  wire  (§  in.  in  diameter)  by  bronze  hangers  o( 
the  type  shown  in  Fig.  467.  By  adopting  a  copper  catenary  wire  (which 
is  continuous  throughout  the  tunnel)  it  has  not  been  neoessar;  to  run 
feeders  through  the  tunnel. 

*  See  p.  608  for  properties  of  this  material. 
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The  catenary  wire  is  supported  at  intervals  of  about  100  ft.  on  triple 
petticoat  porcelain  insulators,  the  corresponding  insulators  for  each 
track  being  fixed  to  a  framework  supported  by  a  pair  of  similar  insulators 
(see  Fig.  466).  The  latter  insulators  are  fixed  to  stirrups  which  are  bolted 
to  the  crown  of  the  tunnel.  In  order  to  obtain  sufficient  clearance,  the 
catenary  wires  are  placed  14  in.  inside  the  centre  of  the  track.  Each 
insulator  will  withstand  a  dry  test  of  160,000  volts,  and  two  insulators 
are  in  series  between  the  trolley-wire  and  ground.  This  high  factor  of 
safety  was  considered  desirable  on  account  of  the  length  oi  the  tunnel 
and  the  large  quantity  of  moisture  present.  As  the  insulators  form  the 
most  important  link  in  the  overhead  construction,  it  is  good  policy  to 
adopt  a  high  factor  of  safety,  especially  in  a  long  tunnel.  Moreover, 
it  has  been  stated  *  that  an  insulator  to  withstand  150,000  volts  only 
costs  about  four  shillings  more  than  one  to  withstand  40,000  volts. 

It  will  now  be  interesting  to  compare  the  above  examples  of  catenary 
construction  with  the  direct  system  of  suspension  adopted  in  three- 
phase  electrification.  Examples  of  long  tunnels  electrified  on  the  three- 
phase  system  are  the  Simplon  (12*5  miles,  single  track)  and  the  Mont 
Cenis  (8-7  miles,  double  track).!  In  each  case  the  operating  voltage 
is  about  3000  volts,  and  two  trolley-wires  are  used  in  conjunction  with 
the  rails. 

The  method  of  construction  in  the  Simplon  Tannel  is  comparatively 
simple,  as  will  be  seen  from  Fig.  468.  The  two  twin-hangers  (which  are 
similar  in  general  design  to  the  hangers  illustrated  in  Fig.  463,  p.  562) 
are  clamped  to  a  span- wire  which  is  suspended  from  shackle-type  porcelain 
insulators,  the  latter  being  attached  to  eye-bolts  fixed  to  plates  in  the 
tunnel  wall.  The  span-wires  are  erected  80  ft.  apart  on  straight  track, 
and  40  ft.  apart  on  curves. 

Each  twin-hanger  supports  two  trolley- wires  t  (each '0-315  in.  in 
diameter)  which  are  connected  in  parallel.  Since  the  temperature 
variation  in  the  tunnel  is  small,  the  trolley- wires  can  be  erected  with 
sufficient  tension  to  give  only  a  small  sag. 

In  the  Mont  Cenis  Tunnel  the  twin  trolley- wires  are  supported 
from  hangers,  of  the  same  design  as  those  illustrated  in  Fig.  460  (p. 
560),  and  the  latter  are  clamped  to  a  span- wire  which  is  suspended 
from  insulators  on  a  pil)e  framework  fixed  to  the  tunnel  wall. 

♦  Transactions  of  the  American  Institute  of  Electrical  Engineers,  vol.  30,  p.  1437. 
Paper  by  Mr.  W.  S.  Murray  on  "  Trunk  Line  Electrification."  Mr.  Murray  has 
informed  the  author  that  the  cost  of  insulators  for  a  given  length  of  main-Une 
construction  (of  the  type  illustrated  in  Fig.  453)  is  only  I  '75  per  cent,  of  the  total 
costs  of  the  overhead  construction.  It  is,  therefore,  poor  poUcy  to  attempt  to  cut 
down  the  size  of  the  insulators  on  main-line  electrifications. 

NP  In  connection  with  the  costs  of  overhead  construction  for  main  lines  see  a  paper 
by  Mr.  E.  J.  Amberg  on  "  Overhead  Conteust  S3'stems — Construction  and  Costs  " 
{Proceedings  of  the  American  Institute  of  EUctriccd  Engineers,  vol.  34,  p.  1256). 

t  llie  Cascade  Timnel  (2  '7  miles  long,  single  track)  of  the  Great  Northern  Railway 
(U.S.A.)  is  also  electrified  on  the  three-phase  system  at  6600  volts. 

J  The  object  of  eulopting  twin  trolley-wires  was  due  to  the  difficulty  of  handling 
a  single  wire  of  heavier  cross-section.  Further,  if  one  wire  should  develop  a  defect, 
the  service  can  be  maintained  by  the  other  wire. 


CHAPTER   XXVI 

FEEDmG  AND  DISTRIBUTING  SYSTEMS  FOR  TRAMWAYS 

AND  RAILWAYS 

When  electrical  energy  has  to  be  supplied  from  a  power  station  (or  a 
sub-station)  to  a  number  of  circuits  at  a  constant  voltage,  the  various 
circuits  must  be  connected  to  distributing  cables  (called  distributors), 
which  are  fed  at  suitable  points  (called  feeding  'points)  by  other  cables 
(called  feeders).  The  latter  cables  connect  the  feeding  points  of  the 
distributors  to  the  station  bus-bars,  and  their  function  is  to  maintain 
these  points  of  the  distributors  at  a  definite  voltage.  The  function  of 
the  distributors  is  to  supply  the  various  circuits  at  practically  constant 
voltage.  This  difference  in  the  functions  of  distributors  and  feeders 
has  an  important  effect  upon  the  considerations  affecting  the  design  of 
these  cables. 

Thus,  in  the  design  of  a  distributor,  the  principal  consideration  is 
the  permissible  variation  of  voltage,  which,  in  lighting  systems,*  is 
subordinate  to  considerations  of  economy.  On  the  other  hand,  a  fc^eder 
may  be  designed  for  a  voltage  drop  which  will  result  in  minimum  oper- 
ating expenses,  the  latter  including  not  only  the  cost  of  the  Josses  in  the 
cable,  but  also  the  interest  and  depreciation  charges  thereon. 

Now  in  electric  traction  systems  the  trolley-wires  and  the  track  rails 
(or  the  two  sets  of  conductor  rails)  form  the  distributors,  and  it  is 
apparent  that,  if  a  uniform  voltage  is  required  on  the  cars,  these  distri- 
butors must  be  fed  through  feeders.  The  feeding  and  distributing  system, 
however,  differs  in  many  respects  from  that  for  electric  lighting  purposes. 
For  instance,  in  the  former  case  the  load  factor  is  much  higher  than 
that  in  the  latter  case,  while  the  permissible  variation  of  voltage  is*  much 
greater,  and  is  not  restricted  by  Board  of  Trade  regulations.  But  there 
are  other  important  differences,  of  which  the  principal  refers  to  the  manner 
in  which  the  loads  are  applied  to  the  distributors.  Thus,  in  a  lighting 
system,  the  loads  occur  at  definite  points  along  the  distributors,  but  in 
the  traction  system  the  loads  are  variable  not  only  in  magnitude,  but  also 
in  position.  Moreover,  the  traction  distributing  system  must,  in  the 
case  of  tramwa^^s,  conform  to  certain  Board  of  Trade  regulations  (see 
pp.  633,  637),  chief  among  which  are  the  following  : — 

(1)  The  voltage  on  the  trolley-wire  shall  not  exceed  660  volts,  while 
that  at  the  generating  station  (or  sub-station)  shall  not  exceed  660  volts. 

(2)  The  trolley-wire  shall  be  divided  into  sections  not  exceeding  one 
half-mile  in  length. 

*  The  permissible  variation  of  voltage  in  electric  lighting  distributors  is  fixed 
by  the  Board  of  Trade  at  4  per  cent,  of  the  "  declared  voltage  "  of  distribution. 
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(3)  The  potential  diSerence  between  any  two  points  of  the  (track) 
rail  return  system  shall  not  exceed  seven  volts. 

A  consideration  of  these  regulations  will  clearly  show  that,  for  over- 
head tramways,  separate  feeding  systems  will  be  required  for  the  trolley- 
wire  and  the  track  rails ;  while,  on  account  of  the  low  voltage  drop  in 
the  track  rails,  the  variation  of  voltage  at  the  cars  will  be  principally 
dependent  on  the  voltage  drop  in  the  trolley-wire.  In  any  given  case 
the  permissible  variation  of  voltage  must  obviously  depend  on  service 
conditions,  and  the  minim  tun  voltage  must  be  such  that  the  schedule 
speed  can  be  maintained  under  all  conditions  of  traffic.  In  some  cases 
a  maximum  voltage  variation  of  10  per  cent,  may  be  permissible,  but 
in  other  cases — particularly  in  central  districts  with  heavy  traffic — a 
lower  maximum  variation  will  generally  be  desirable. 

The  calculation  of  the  length  of  section  corresponding  to  the  maxi- 
mum permissible  voltage  drop  is  not  so  straightforward  as  that  in  the  case 
of  a  lighting  system,  since  the  loads  are  variable  both  in  magnitude  and 
position.  Moreover,  in  practice,  occasional  blocks  in  the  traffic  will 
occur,  with  the  result  that  the  number  of  cars  on  one  section  may  be 
much  greater  than  that  under  normal  conditions  of  traffic.  Hence  a 
certain  amount  of  judgment  must  be  exercised  in  deciding  upon  the 
length  of  sections,  and  each  case  must  be  considered  separately.  Of 
course,  in  railway  service,  where  the  trains  run  to  a  definite  time-table, 
the  average  load  on  a  section  can  be  computed  with  a  fair  degree  of 
accuracy  when  the  speed-time  and  current-time  curves  are  available,  but 
in  tramway  service  the  variable  traffic  conditions  do  not  warrant  such  an 
elaborate  computation. 

For  normal  traffic  conditions  the  average  voltage  drop  in  any  section 
of  the  trolley-wire  may  be  obtained  by  considering  the  cars  to  be  uni- 
formly spaced  throughout  the  section  and  each  car  to  be  taking  the 
average  current,  which  may  be  from  15  to  30  amperes,  according 
to  the  type  of  car,  the  size  of  equipment,  and  the  nature  of  the 
service. 

In  deciding  upon  the  length  of  a  distributing  section  of  the  trolley- 
wire,  a  value  is  fixed  for  the  maximum  voltage  drop.  The  average 
voltage  drop  in  the  section  is  then  assumed  as  a  certain  percentage  of 
the  maximum  drop,  and  the  length  of  the  section  is  obtained  from  a 
knowledge  of  the  car  service  and  particulars  of  the  trolley-wire.  Thus, 
suppose  we  require  the  length  of  a  section  of  2/0  S.W.6.  single  trolley- 
wire  on  which  a  maximum  voltage  drop  of  50  volts  is  permissible.  The 
oars  operate  at  a  schedule  speed  of  8  ml.p.h.,  with  an  interval  of  2^ 
minutes  between  cars,  and  the  average  current  per  car  may  be  assumed 
as  20  amperes. 

From  the  given  data  we  obtain  the  distance  between  consecutive 

as  (  f — ^0  =  )  one-third  mile,  and  from  Table  XXVIII  (p.  608)  we 

obtain  the  resistance  of  1  mile  of  2/0  S.W.G.  copper  troUey-wire  as 
0-46  ohm. 

Hence  the  resistance  of  trolley-wire  between  consecutive  cars 

=Jx 0-46  =0-153  ohm. 

The  average  voltage  drop  may  be  assumed  as  60  per  cent,  of  the 
maximum  drop,  or  {0-6x50=)  30  volts. 


cars 
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The  length  of  trolley-wire  corresponding  to  this  voltage  drop  is  best 
determined  by  an  indirect  method  as  follows  : — 

Make  a  series  of  calculations  of  the  voltage  drop  corresponding  to 
a  definite  number  of  cars,  with  one  car  at  the  end  of  the  section  in  each 
case.  Thus,  for  a  section  of  1  mile  long,  we  shall  have  one  car  at  the  end 
of  the  section,  and  two  cars  intermediate  between  the  end  and  the 
feeding  point.    The  average  voltage  drop  will  equal 

(0-153x20(3+2+l)=)18-4  volts.* 

Similarly,  for  sections  \\  and  If  miles  long,  the  average  voltage 
drops  will  be  respectively  (0163x  20(4+3+2+1)=)  30-6  volts  and 
(0153X 20(5+4+3+2+1)=)  45-9  volts. 

Therefore  the  required  length  of  the  section  of  trolley- wire  is  1 J  miles. 

The  Board  of  Trade  regulations,  however,  require  the  trolley- wire 
to  be  divided  into  sections  not  exceeding  one  half-mile  in  length.  Hence 
it  may  be  desirable  to  increase  slightly  the  voltage  drop  in  order  to 
avoid  the  sub-division  of  a  half-mile  section  between  two  feeders. 

Let  us  now  consider  the  design  of  feeders.  Obviously,  if  the 
voltage  at  the  feeding  points  of  the  distributors  is  maintained  constant, 
the  voltage  drop  in  the  feeders  will  not  affect  the  voltage  variation  in 
the  distributors.  Consequently  the  voltage  drop  in  the  feeders  can  be 
selected  at  a  value  which  will  result  in  the  most  economical  operation. 

Now,  in  a  feeder  of  given  length,  carrying  a  given  current,  the  voltage 
drop  will  vary  inversely  as  the  cross-section,  or  directly  as  the  current 
density.  Hence  it  is  necessary  to  obtain  the  relation  between  the  current 
density  and  the  operating  costs.  The  latter  obviously  comprise  the  cost 
of  the  energy  lost  in  the  feeder,  and  the  interest  and  other  charges  on 
the  capital  expenditure.  A  portion  of  the  capital  expenditure,  however, 
uill  be  uninfluenced  by  the  cross-sectional  area  of  the  cable,  while  the 
remainder  will  be  directly  dependent  upon  the  cross-sectional  area  of 
the  cable.  For  example,  the  costs  of  excavations,  &c.,  Ia3ring  of  ducts 
and  drawing-in  Avill  depend  only  on  the  length  of  cable  and  the  number  of 
cables  being  laid.  Similarly,  a  portion  of  the  cost  of  the  insulation  will 
be  independent  of  the  cross-section  of  the  cable. 

Therefore  let  the  cost  per  mile  of  the  cable,  laid  and  jointed,  be 
(£)(7=(^+5a),  where  a  denotes  the  cross-section  of  the  cable,  B  the 
portion  of  the  capital  cost  which  is  dependent  on  the  cross-section, 

*  In  a  diBtributor  fed  from  one  end  and  loaded  with  a  number  of  loads,  the 
voltage  drop  is  calculated  ba  follows  : — 

Let  /^^  /2,  /j»,  &c.,  denote  the  load  currents  in  amperes  ;  £|,  L2,  X3  .  .  .  denote 
the  distances  of  the  loads  from  the  feeding  points  ;  2.2,  ^  .  .  .  denote  the  distanocis 
between  consecutive  loads,  I2  representing  the  distance  between  the  loads  /|  and 
/g,  &c.  Then,  if  r  denotes  the  resistance  of  unit  length  of  the  distributor,  the 
voltage  drop  (t;)  from  the  feeding  point  to  the  nth  the  load  will  be : 

V  =r{Z^(/i+/2  +  ^3+  •  •  •  In)-^L{h+h+      .    .   /«)+^(/3+  •  •  •    ^-)+  •  •  •  '•/•} 

since  L2  = -^  +  ^2  J  -t«=-^+^  +  ^;   &c. 

In  the  special  case  when  the  loads  are  all  equal  and  occur  at  equal 
along  the  distributor,  then  we  replace 

/i,  /g,  /s,  .  .  .  by  /,  and  J^i,  ^,  ^  .  .  .  by  I, 
and  obtain 

v=W/(n  +  (n-l)  +  (n-2)+    .  .  .  I)=r«/x4n(n- 1) 

in  which  n  denotes  the  niunber  of  loads. 
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and  A  the  remaining  portion  of  the  capital  cost,  which  is  independent 
of  the  cross-section. 

The  resistance  of  1  mile  of  copper  cable,  1  sq.  in.  in  cross-section, 
may  be  taken  as  0-0426  ohm.  Hence  the  resistance  of  1  mile  of  cable 
of  cross-section  =  a  sq.  in.  will  be  0 -0426/0  ohm. 

If  /  is  the  R.M.S.  value  of  the  current  in  amperes  passing  through 
this  cable  for  a  period  of  h  hours  per  annum,  then  the  cost  [(£)-^]  of 
the  PE  losses  in  the  cable  per  annum  will  be  given  by 


a      ^240x1000' 

where  p  is  the  price  in  pence  of  a  Board  of  Trade  unit  (t.e.  1  kw-hour) 
delivered  to  the  cable.  (Generally  p  may  be  taken  as  the  price  of  a  unit 
at  the  switchboard.) 

Also,  if  m  is  the  percentage  interest  and  depreciation  charges  on  the 
capital  cost  of  the  completed  cable,  the  annual  charges  will  be 

Therefore  the  annual  cost  of  the  cab!e  will  be 

,.,.!,,  .   .  1         w  „       Php     0-0425 

which  will  be  a  mmimum  when  r?:rrBa= — ^x^ttttttt::?  . 

100  a       240,000 

Whence  ^  =^  X  6  -64  x  10*, 

Or      rip 

or  -  (i.e.  the  current  density)  =237-5a/ -7— (67) 

a  ^  ftp 

Hence  the  most  economical  current  density  is  that  which  makes  the 
annual  cost  of  the  losses  in  the  cable  equal  to  the  variable  portion  of 
the  annual  charges  on  the  capital  cost.*  If  this  current  density  exceeds 
that  corresponding  to  the  limiting  operating  temperature  of  the  cable, 
then  obviously  the  cross-section  must  be  chosen  on  the  latter  basis. 

It  is  important  to  note  that  the  voltage  drop  in  the  feeder  does  not 
appear  in  the  above  expression,  although,  when  the  current  density 
is  determined,  the  voltage  drop  is  also  indirectly  determined. 

Now  cases  will  arise  with  long  feeders  where  the  voltage  drop,  corre- 
sponding to  the  most  economical  current  density,  will  be  excessive,  and 
in  these  circumstances  either  the  cross-section  must  be  increased  to  give 
a  lower  voltage  drop,  or  a  booster  must  be  used  in  conjunction  with  the 
cable.  The  booster,  however,  has  losses  and  capital  charges,  which 
are  additional  to  the  operating  costs  of  the  cable.  Whether  or  not  it 
will  be  economical  to  adopt  a  larger  cable,  or  to  instal  a  booster  in  con- 
junction with  the  original  cable,  will  depend  on  the  total  annual  costs 
in  the  two  cases. 

In  obtaining  the  total   annual  costs  for  a  "boosted"  cable, 

the  losses  in  the  booster  may  be  allov^ed  for  by  increasing  the  cost  per 
kw-hour  delivered  to  the  cable,  while  the  annual  charges  on  the  booster 
may  be  added  to  the  annual  charges  on  the  cable.     But  the  increase  in 

*  This  relation  is  usually  known  as  Kelvin's  law. 
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the  cost  of  energy  delivered  to  the  cable,  combined  with  the  additional 
annual  charges  on  the  booster  set,  must  be  allowed  for  in  determining 
the  most  economical  current  density.  Consequently  the  above  equation 
must  be  modified  as  follows  : — 

If  p  denotes  the  cost  (in  pence)  of  1  kw-hour  at  the  switchboard, 
and  77  is  the  efficiency  of  the  booster  set  at  the  average  working  load, 
then  each  kw-hour  of  boosted  energy  delivered  to  the  cable  will  cost 
p/17  on  Account  of  the  losses  in  the  booster  set.  Again,  if  (£)X  denotes 
the  capital  cost  of  the  booster  set  per  kw  output,  n  denotes  the  percentage 
interest  and  depreciation  charges  per  annum,  and  (£)'F  denotes  the  cost 
of  attendance  and  maintenance  per  kw  output  per  annum,  then  the 

charges  on  the  booster  set  per  kw  output  per  annum  will  be  240  ( |75fj+  Y) 
fence.  Hence,  if  the  booster  is  in  service  h  hours  per  annum,  the  charges 
per  kw-hour  will  be  ( 7 )240  fervoe,  and  the  total  cost  of  1  kw- 
hour  delivered  to  the  cable  will  be  {-+( ~r~^ — i^f  P^^^^- 

Therefore,  the  annual  cost  of  the  boosted  cable  (of  cross-section 
a'  sq.  in.)  will  be 

iW    ^'^o'^ 240,000 ^li, A         h         r**]- 
Whence,  the  most  economical  current  density  [-7]  is  given  by 

^=237-5    /— rf,    V,  t^N>     ....     (58) 

Examples. — ^Let  us  apply  these  equations  to  the  determination  of  the 
most  economical  cross-sectional  area  for  a  feeder  to  supply  a  section  of 
trolley-wire  for  tramway  purposes. 

Consider  first  an  unboosted  feeder,  1  mile  long.  The  B.M.S.  value 
of  the  current  in  the  cable  is  150  amperes,  and  the  cable  is  in  service 
16  hours  per  diem.  The  variable  component  of  the  cost  of  the  com- 
pleted (paper  insulated)  cable  may  be  taken  at  £140  per  ton  of  copper. 
The  interest  and  depreciation  charges  on  the  cable  are  7  per  cent.,  while 
the  cost  of  1  kw-hour  delivered  to  the  cable  is  0-6  pence. 

Now  the  weight  of  copper  in  a  cable  1  mile  long  and  1  sq.  in.  in  cross- 
section  is  9-1  tons,  and  therefore  the  term  B  in  the  above  equation 
becomes  9*1x140=1275.  Hence,  substituting  in  equation  (67),  we 
obtain  the  most  economical  current  density  as 

S-^^^^'^Visxsesxo-e^^^^  *°^p^~"  ^'  '^^  ^- 

The  cross-section  of  the  cable  corresponding  to  this  current  density 

/150     \ 
is  (-^7^=:  J 0-383  sq.  in.,  so  that  it  will  be  necessary  to  use  a  0-4  sq.  in. 

cable. 
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A  reference  to  the  I.E.E.  Wiring  Rides  *  will  show  that  a  paper- 
insulated  cable  of  this  cross-section  will  carry  continuously  a  current 
of  464  amperes. 

The  VDltage  drop  in  the  feeder,  corresponding  to  the  B.M.S.  current, 
v^ill  be 

150x1  X    ,v  ^    =16  volts. 

[NoTK. — 0-0425  is  the  resistance  (in  ohms)  of  a  cable  1  mile  long  and 
1  sq.  in.  in  cross-section.] 

Consider  now  that  the  length  of  the  feeder  is  increased  to  2  miles, 
the  other  conditions  remaining  constant.  A  preliminary  calculation 
will  show  that  the  voltage  drop  in  the  feeder,  corresponding  to  the 
R.M.S.  current  of  150  amperes,  is  47-2  volts,  so  that  it  will  be  necessary 
to  use  a  booster  with  the  feeder.  The  capital  cost  of  the  booster  set 
(including  switchgear)  may  be  assumed  as  £15  per  kw  output,  on  which 
the  interest  and  depreciation  charges  are  12  per  cent,  per  annum.  The 
cost  of  attendance  and  maintenance  may  be  assiuned  as  £0*4  per  kw 
output  per  annum. 

Hence,  assuming  the  efficiency  of  the  booster  set  (at  the  average 
working  load)  to  be  76  per  cent.,  and  substituting  in  equation  (58), 
we  obtain  the  most  economical  current  density  for  this  boosted  feeder  as 


>=^''V 


7x2xyixi4u 


^r,     ofl,tfO-6   ,  -.^/001xl2xl5+0-4\^ 
15  x365|5:^+240( ^^^^^ )} 


-OQ^T  n    /7x2x9-lX. 
-^•*^*^V  16x365x01 


140 
896 

=363  amperes  per  sq.  in. 

150 


The  size  of  the  cable  is  (0^3=)  0-412  sq.  in.,  say  0-4  sq.  in. 

The  voltage  drop  in  the  feeder  corresponding  to  the  B.M.S.  current 
of  150  amperes  will  be 

150x2x^=32  volts. 
0-4 

If  the  maximum  current  is  assumed  to  be  (2-5  X R.M.S.  current), 
the  voltage  drop  corresponding  to  the  maximum  current  of  375  amperes 
in  the  feeder  will  be  (32  x  2 -5=)  80  volts. 

If  we  assume  the  bus-bar  voltage  to  be  25  volts  higher  than  the 
voltage  at  the  feeding  points,  then  the  maximum  voltage  required  from 
the  booster  will  be  (80— 25=)  55  volts,  and  the  maximum  rating  of  the 


booster  wiU  be  P^^^^^=)  20-6  kw. 


The  booster  will  consist  of  a  self-excited  series  generator  designed 
with  a  "  straight  line  "  characteristic,  and  will  be  direct-coupled  to  a 
shunt  motor.  The  booster  will,  of  course,  be  connected  between  the 
positive  bus-bar  and  the  feeder. 

It  is  apparent  from  these  examples  that  an  extensive  tramway 

*  Issued  bv  the  Institution  of  Electrical  Engineers.  See  also  the  Journal  of  the 
InalittUion,  vol.  47,  p.  829. 
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system,  with  heavy  traffic,  will  require  a  number  of  boosted  feeders  for 
the  positive  distributing  system  when  the  supply  is  given  from  a  central 
power  station.  In  many  cases  it  may  not  be  possible  to  supply  the 
system  economically  in  this  manner,  and  in  these  cases  the  low-tension 
distributing  system  must  be  supplied  from  a  niunber  of  sub-stations, 
which  may  be  located  in  the  immediate  neighbourhood  of  the  distributing 
sections,  so  that  only  short  feeders  are  required.  The  sub-stations  are 
supplied  with  power  from  the  generating  station,  and  since  a  high  voltage 
of  transmission  is  essential  for  economical  reasons,  the  sub-stations  must 
contain  converting  machinery  for  supplying  the  tramway  system  at 
suitable  voltage.  The  influence  of  sub-stations  on  the  feeding  system 
is  discussed  later  in  this  chapter,  while  the  equipment  of  sub-stations  is 
discussed  in  the  following  chapter. 


Positive  Feeding  and  Distributing  Systems  foe  Tramways 

The  method  of  feeding  the  distributing  sections  of  the  trolley-wire 
will  be  influenced  largely  by  traffic  and  economical  considerations.* 
In  districts  with  very  heavy  traffic,  the  traffic  considerations  will  usually 
preponderate,  and  the  feeding  system  must  be  arranged  so  that  the  open- 
ing of  a  feeder  circuit-breaker  at  the  generating  or  sub-station  will  only 
affect  a  small  portion  of  the  traffic.  Under  these  circumstances  it  is 
desirable  to  provide  a  separate  feeder  for  each  half-mile  section  of  the 

trolley-wire.f 

In  cases  of  extremely  heavy  traffic  it  may  be  necessary  to  increase 
the  conductivity  of  the  half-mile  sections  of  the  trolley-wire  by  con- 
tinuing the  feeder,  or  another  auxiliary  feeder  (which  may  consist  of 
an  additional  trolley- wire),  along  the  section  and  tapping  the  troUey- 
wires  to  the  auxiliary  feeder  at  frequent  intervals.  With  the  conduit 
system,  however,  the  relatively  large  cross-section  of  the  conductor 
rails  will  provide  sufficient  current-carrjnng  capacity  for  the  heaviest 
conditions  of  tramway  traffic,  and  auxiliary  feeders  are  therefore 
unnecessary. 

In  systems  with  light  traffic,  considerations  of  economy  become  of 
greater  importance,  and  consequently  it  is  desirable  to  supply  several 
half-mile  sections  of  the  trolley-wire  from  a  single  feeder.  The  two 
general  methods  of  accomplishing  this  are  shown  diagrammatically  in 
Figs.  469,  470.  In  these  diagrams  the  section-insulators  in  the  trolley- 
wire  are  indicated,  as  well  as  the  ''  section "  and  "  feeder-pillars,"  % 
which  contain  the  switches  for  isolating  the  sections  of  the  trolley-wire 
in  accordance  with  the  Board  of  Trade  regulations. 

In  Fig.  469  the  trolley-wire  is  used  as  a  distributor,  each  distributing 
section  comprising  two  or  more  half-mile  scfctions.  The  length  of  the 
distributing  section  is  limited  by  the  permissible  voltage  drop,  as  shown 
by  the  example  on  p.  672. 

*  For  detailed  examples  of  the  design  of  the  feeding  and  distributing  system 
see  a  paper  by  Mr.  Henry  M.  Sayers  on  **  The  Calculation  of  Distributing  Systems 
for  Electric  Traction  under  British  Conditions  "  {Journal  of  the  InstihUion  of  Elec- 
trical Engineers^  vol.  29,  p.  692). 

t  The  feeders  for  the  half-mile  sections  must,  obviously,  be  supplied  from  sub- 
stations. 

X  Feeder  and  section  pillars  are  discussed  later  (p.  580). 
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The  alternative  method  to  Kg.  469  is  shown  in  Kg.  470.  In  this 
method — which  permits  the  use  of  a  smaller  number  of  feeders  than  the 
preceding  method — ^feeders  of  large  cross-section  are  run  to  a  few  points 
in  the  system,  from  which  the  current  is  distributed  to  the  various  half- 
mile  sections  of  the  trolley-wire  by  means  of  graded  distributing  cables. 

A  comparison  of  these  methods  will  show  that  the  method  with 
graded  distributors  (Kg.  470) 
is  more  economical  in  cop- 
per than  the  method  of  Kg. 
469,  since  it  permits  of  the 
adoption  of  long  distributing 
sections.  Moreover,  with 
this  method  the  variation 
of  voltage  between  adjacent 
sections  of  the  trolley-wire 
will  be  smaller  than  that  for 
the  method  of  Kg.  469.  On 
the  other  hand,  in  the  event 
of  the  feeder  circuit-breaker 
opening,  or  a  breakdown  of 
the  feeder  occurring,  the 
method  of  Kg.  470  results 
in  a  greater  temporary  in- 
terruption of  trafBc  than  the 
method  of  Kg.  469.  But 
in  the  case  of  a  breakdown 
of  the  feeder,  the  supply 
can  be  maintained  id  either 
side  of  the  feeding  point 
through  the  distributors 
connected  to  the  adjacent 
feeders,  although  this  may 
result  in  the  overloading  of 
some  of  the  distributors. 

It  may  be  of  interest  to 
compare  the  methods  of 
maintaining  the  continuity 
of  the  service — due  to,  say, 
a  breakdown  of  a  feeder — ^in 
the  two  cases.  For  instance, 
suppose  a  fault  occurred  on 
feeder  Y.  With  the  system 
of  Kg.  469,  feeder  pillar 
No.  6  would  be  visited  first, 
andthe  feeder  switch  opened. 

Section  pillars  Nos.  3  and  7  would  then  be  visited,  and  the  section 
switches  in  these  pillars  would  be  cldsed,  thereby  dividing  the  load  of 
feeder  Y  between  feeders  X  and  Z,  In  some  cases  it  may  be  desirable 
to  open  the  section-switches  in  pillar  No.  6. 

With  the  system  of  Kg.  470,  feeder  pillar  No.  6  would  be  visited 
first,  and  the  links  interconnecting  the  distributor  and  feeder  switches 
would  be  removed.  Feeder  pillars  Nos.  3  and  7  would  then  be  visited, 
and  the  distributor  switches  would  be  connected  together  by  a  link,  as 
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indicated  in  Fig.  470.  One  half  of  the  section  normally  supplied  from 
feeder  T  is  then  transferred  to  feeder  X,  while  the  other  half  of  the 
section  is  transferred  to  feeder  Z. 


Negative  Feeding  and  Distributing  Systems  for  Tramways 

The  exact  calculation  of  the  voltage  drop  in  the  track  rails  is  con- 
siderably more  complicated  than  that  for  the  trolley-wire  on  account 
of  leakage  currents  due  to  the  rails  being  uninsulated.  For  instance, 
a  portion  of  the  return  current  may  reach  the  generating  or  sub-station 
vid  the  earth,  while  the  earth  may  also  act  as  a  diverter  (or  shunt)  to 
the  track  rails,  thereby  relieving  the  rails  of  some  of  the  return  current. 
Although  it  is  possible  to  calculate  the  voltage  drop  in  the  track  rails 
under  the  latter  conditions,*  it  is  preferable  to  neglect  the  effect  of  the 
conductivity  of  the  earth,  and  to  design  the  distributing  sections  so 
that  the  voltage  drop  under  the  worst  conditions  does  not  exceed  the 
Board  of  Trade  limit  of  7  volts. 

If  the  current  in  the  rails  is  due  to  a  number  of  cars,  equally  spaced 
along  the  track,  the  voltage  drop  in  a  length  of  the  track  rails  can  be 
calculated  by  a  method  similar  to  that  adopted  for  the  trolley-wire.  In 
determining  the  resistance  of  the  rails,  the  resistance  of  the  bonded,  or 
welded,  joints  must  be  included  (see  p.  490) ;  while,  if  the  cross-bonding 
occurs  at  frequent  intervals,  the  individual  track  rails  may  be  considered 
as  being  permanently  connected  in  parallel.  Thus,  from  the  data  in 
Chapter  XXII,  the  resistance  of  1  mile  of  B.S.S.  No.  4  tramway  rail 
(including  resistance  of  bonded  joints)  is  0*047  ohm,  and  therefore  the 
resistance  of  1  mile  of  double  track  may  be  considered  to  be  0*012  ohm. 

In  deciding  upon  a  value  for  the  permissible  voltage  drop  in  the 
rails,  the  possible  future  developments  of  the  tramway  system  should 
be  considered,  as  well  as  the  effects  of  blocks  in  the  traffic,  and 
"  bunching  "  of  the  cars  at  certain  parts  of  the  system.  The  average 
voltage  drop  under  normal  conditions  should  therefore  be  assumed  at 
a  value  not  in  excess  of  5*0  volts. 

With  the  voltage  drop  given,  and  the  resistance  of  the  track  known, 
the  length  of  the  rail  distributing  sections  can  be  determined  from  a 
knowledge  of  the  electric  loading.  In  many  cases  it  is  convenient  to 
consider  that  the  loading  is  uniformly  distributed  throughout  the  dis- 
tributing section  (i.e.  the  current  decreases  uniformly  from  the  feeding 
point),  so  that  the  voltage  drop  along  the  section  follows  a  parabolic 

law.t 

The  length  of  a  distributing  section  corresponding  to  a  definite  voltage 
drop  is  then  readily  determined,  and  the  position  of  the  feeders  natu- 
rally follows.  Since  the  rails  are  continuous  throughout  the  system, 
the  curve  of  voltage  drop  between  adjacent  feeding  points  will  be  a  para- 

■ 

•  See  The  Electrician,  vol.  45,  p.  696. 

t  If  »  is  the  rate  of  increase  of  the  current  along  the  rail  from  the  dividing  point 
(where  the  current  is  zero)  and  r  is  the  resistance  of  unit  length  of  the  rail,  then  the 
current  at  any  point,  distant  x  from  the  dividing  point,  will  be  ix,  and  the  volt«ge 
drop  in  an  element  of  rail  length  dx  will  be  ix  r  dx.  Hence  the  voltage  drop  (v) 
in  a  length  L  from  the  dividing  point  will  be  given  by 

Thus  V  is  proportional  to  L\  and  the  curve  connecting  v  and  L  is  a  parabola. 
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bola  with  the  zero  points  at  the  feeding  points.  This  is  illustrated  by 
the  diagram  of  Fig.  471,  in  xwhich  the  straight  lines  oco'  c  o"  represent 
the  distribution  of  current  along  the  rail,  and  the  parabolas  v  xv^y  v^ 
represent  the  variation  of  the  voltage  drop,  the  feeding  points  x,  y  being 
at.  the  same  potential. 

Now  the  feeders  connect  the  points  x,  y  of  the  rails  to  the  negative 
bus-bar,  and  it  is  apparent  that  with  uniform  electric  loading  of  the  rail 
sections,  the  feeders  must  be  designed  for  the  same  voltage  drop.    Hence, 


t 


i 


Fio.  471. — ^Variation  of  Voltage  along  Bail  with  Uniform  Current-loading. 

when  long  and  short  feeders  are  in  use  on  the  same  system,  it  will  be 
necessary  either  to  connect  resistances  in  series  with  the  short  feeders, 
or  to  neutralise  a  portion  of  the  voltage  drop  in  the  long  feeders  by  the 
use  of  boosters.* 

Of  these  methods,  the  more  economical  one  to  adopt  in  a  given  case 
will  depend  on  the  relative  values  of  the  operating  costs  with  resistances 
and  with  boosters.f  It  should  be  noted,  however,  that  the  voltage 
drop  in  the  feeders  and  resistances  affects  the  voltage  variation  at  the 
cars  and  must,  therefore,  be  taken  into  account.     On  the  other  hand, 
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Fig.  472. — ^Distribution  of  Leakage  Currents.     A,  ec^ually  loaded 
rail  sections ;  B,  unequally  loaded  rail  sections. 

with  boosted  feeders,  the  resultant  voltage  drop  between  rails  and  the 
negative  bus-bar  may  be  adjusted  (within  limits)  to  any  value  desired — 
including  zero. 

When  boosted  and  unboosted  feeders  are  adopted,  and  it  m  desired  to 
maintain  a  unifonn  distribution  of  current  in  the  rails,  the  resultant 
voltage  drop  in  the  boosted  feeders  must  equal  the  voltage  drop  in  the 
unboosted  feeders.  These  are  the  ideal  conditions  for  negative  feeding 
systems  and  are  represented  diagrammatically  in  Fig.  471.  In  this  case, 
the  voltage  drop  along  each  distributing  section  of  the  rails  is  the  same 

*  Boosters  used  in  this  manner  (with  negative  feeders)  are  called  negative 
boosters. 

t  In  this  connection  see  The  Electrician^  vol.  73,  p.  607,  where  comparative 
costs  have  been  calculated  for  the  two  cases  by  Mr.  H.  M.  Sayers. 
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throughout  the  system,  and,  consequently,  there  is  no  tendency  for 
leakage  currents  to  pass  between  the  sections.  If  the  conductivity 
of  the  earth  be  assumed  as  uniform  throughout  the  sections,  the  dis- 
tribution of  the  leakage  currents  are  as  indicated  in  Fig.  472,  A,  On 
the  other  hand,  if  two  adjacent  sections  are  unequally  loaded  so  that  the 
voltage  drops  are  unequal,  there  is  an  interchange  of  leakage  current 
between  the  sections  as  indicated  in  Fig.  472,  B.  In  order  to  prevent  the 
interchange  of  leakage  current  between  adjacent  sections  which  are 
unequally  loaded,  the  voltage  drops  in  the  sections  must  be  equalised  by 
adjusting  the  lengths  of  the  sections  in  the  ratio  of  the  square-roote 
of  the  loading.  Thus,  if  /|,  /j  denote  the  intensity  of  the  loading  (am- 
peres per  mile)  of  the  respective  sections  of  lengths  2>i,  L,,  then  -^  —  a/— ! . * 

It  is  apparent  that  with  a  large  tramway  system,  supplied  direct 
from  a  central  power  station,  boosters  will  be  required  for  the  negative 
feeding  system  as  well  as  for  the  positive  feeding  system. 

Although  the  boosters  for  the  positive  and  negative  feeders  are  series 
machines,  with  similar  characteristics,  the  method  of  operating  them 
is  different.  Thus,  the  positive  boosters  are  operated  self -excited,  but 
the  negative  booBters  are  separately  excited ;  the  armature  being  con- 
nected in  series  with  the  negative  feeder,  and  the  field  winding  being 
connected  in  series  with  the  positive  feeder  supplying  the  corresponding 
sections  of  the  trolley  wire.  The  "  boost  "  on  the  feeder  is  adjusted  by 
means  of  a  diverter  rheostat  connected  in  parallel  with  the  field  winding. 


Feedbb  and  Sbotion  Pillars  for  Tramways 

(1)  Overhead  Tramways. — The  sectionalising  of  the  distributing 
system  is  carried  out  by  means  of  switches  located  in  feeder  and  section 
pillars,  which  are  placed  in  convenient  positions  adjacent  to  the  track. 

With  the  ordinary  type  of  section  insulator  (Fig.  431,  p.  519),  a  section 
pillar  is  required  at  every  half-mile  of  the  route,  the  pillar  containing 
the  switches  for  disconnecting  the  sections  of  the  trolley- wire  from  one 
another  and  from  the  feeder  or  distributor.  Illustrations  of  a  typical 
section  pillar  are  given  in  Fig.  473.  The  pillar  consists  of  a  cast-iron 
box  structure  with  two  doors,  and  is  equipped  with  a  marble  (or  slate) 
panel  on  which  the  switches  and  auxiliary  apparatus  are  mounted.  In 
the  pillar  shown  in  Fig.  473  (which  is  suitable  for  the  intermediate  section 
pillars  in  the  method  of  distribution  shown  in  Fig.  470),  the  four  switches 
on  the  upper  portion  of  the  panel  control  the  adjacent  sections  of  the 
trolley-wire  for  the  "  up  "  and  "  down  "  tracks,  while  the  two  lower 
switches  control  the  distributors  which  supply  these  sections.  The  two 
sets  of  switches  are  connected  through  a  choking  coil  (as  shown  in  the 
view  of  the  back  of  the  panel),  while  the  trolley  switches  are  also  con- 
nected to  a  lightning  arrester,  which  can  be  seen  on  the  fight-hand  side 
of  the  back  of  the  panel.  Thus,  any  lightning  discharges  striking  the 
trolley-wires  are  prevented  from  reaching  the  distributors.  The  front 
of  the  panel  is  arranged  for  a  telephone  set  by  means  of  which  the  motor- 
men  and  linesmen  may  communicate  with  the  supply  station. 

•  See  Journal  of  the  InstihUum  of  Electrical  Engineers,  vol.  60,  p.  704.     Paper 
by  Messrs.  J.  G.  and  R.  G.  Cunliffe  on  '"  Some  Problems  in  Treustion  Development.' 
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Fig.  473a  UluBtrateB  a  pillar  suitable  for  the  feeder  pillan  (Nob.  1, 
6,  9)  in  the  method  of  distribution  shown  in  Fig.  470.    The  fout  upper 
switches  control  the  trolley-wire  sections,  as 
above,  while  the  three  lower  switches  coatrol 
the  feeder  and  distributors. 

On  some  systems  feeder  pillars  are  pro- 
L  J  >^?^**i^  vided  for  the  negative  feeders.  The  arrange- 
1  n r  y  S^  \^  ™^*  **^  *  typical  negative  feeder  pillar  is 
[III  I  L.I*  indicated  diagrammatically  in  Fig.  474.  In 
W  [^^     this  case  the  negative  feeder  is  connected  to 

"  the  track  rails  through  a  removable  link. 
The  potential  leads  from  the  rails  are  con- 
nected to  a  set  of  terminals,  which  msy  be 
connected  by  suitable  links  to  pibt  wires 
rutming  from  the  feeder  pillar  to  the  Board 
of  Trade  panel  (see  p.  616)  at  the  generating 
or  sub-station.  The  station  ends  of  the  pilot 
wires  are  connected  to  recording  voltmeters, 
which  record  the  potential  differenoe  between 
the  various  points  of  the  rails  in  accordance  with  the  Boajxl  of  Trade 
regulations  (see  regulation  7,  p.  636).     The  pillar  is  also  equipped  nith 


M^am 


FEEDING  AND  DISTRIBUTING  SYSTEMS       588 

a  maximum  demand  indicator,  which  is  connected  between  the  negative 
feeder  and  the  earth  plates.  This  maximum  demand  indicator  enables 
a  record  to  be  obtained  of  the  maximum  current  retiuning  to  the  station 
vid  the  earth  plates  (see  regulation  6/,  p.  634). 

(2)  Conduit  Tramways. — The  feeder  pillars  for  conduit  tramways 
must  be  arranged  with  switches  for  controlling  the  positive  pnd  negative 
conductor  rails.  Diagrams  showing  the  arrangement  of  the  standard 
feeder  pillar  adopted  for  the  conduit  lines  of  the  London  County  Council 
tramways  are  given  in  Kg.  475.  The  pillar  is  equipped  with  two  panels, 
and  on  each  panel  are  mounted  four  single- pole  switches.  The  switches 
on  the  upper  panel  control,  normally,  the  positive  conductor  rails.  Each 
feeder  terminates  in  a  stud  which  may  be  connected  to  the  switches  on 
the  respective  panels  by  means  of  links  at  the  back  of  the  panels.  In 
this  manner  several  combinations  between  the  feeders  and  the  conductor 
rails  can  be  made.  Thus,  in  diagram  No.  1,  the  feeders  are  connected  to 
the  left-hand  switches,  while  in  diagram  No.  2  the  feeders  are  connected 
to  the  right-hand  switches.  Again,  in  diagram  No.  3,  the  links  are 
arranged  so  that  both  of  the  adjacent  sections  of  the  track  are  fed  from 
one  feeder,  while  in  diagram  No.  4,  the  feeder  is  disconnected  from  the 
switches,  and  the  right-  and  left-hand  switches  are  connected  together, 
so  that  one  section  of  the  conductor  rails  is  fed  from  an  adjacent  section. 

In  the  event  of  a  fault  occurring  on  the  positive  conductor  rail  of  one 
section  and  the  negative  conductor  rail  of  another  section,  it  is  necessary 
to  transfer  the  positive  fault  to  the  negative  side  of  the  system  in  order 
that  the  service  may  be  continued.  The  feeders  are  arranged  so  that 
their  polarity  may  be  reversed  when  required,  this  operation  being 
carried  out  by  means  of  reversing  switches  on  the  sub-station  switch 
boards  (see  Chapter  XXVII,  p.  617,  for  details). 

FeBDINO  and  DiSTRIBUTrNG  SYSTEMS  FOR  CONTINUOUS-CURBENT 

Railways 

The  design  of  the  feeding  and  distributing  system  for  urban  and 
suburban  railways,  operating  at  an  average  voltage  of  600  volts,  is 
closely  connected  with  the  location  of  the  sub-stations.  The  distance 
between  the  sub-stations  is  generally  determined  from  considerations 
of  the  permissible  variation  of  voltage  at  the  trains,  but  it  is  advisable 
to  consider  also  the  location  which  will  result  in  the  minimum  annual 
cost.  In  considering  the  voltage  drop  permissible  on  the  conductor 
rails,  the  possibilities  of  delays  due  to  signal  stops*  should  be  taken  into 
account,  as  well  as  the  maximum  service  which  is  likelv  to  occur  on 
the  different  sections.  Moreover,  when  operating  with  the  maximimi 
service,  the  headway  between  consecutive  trains  will  be  smaller  than  that 
under  normal  service  conditions,  and  consequently  the  checlcs  at  signals 
will  probably  be  increased.  For  this  reason,  it  is  important  to  consider 
the  position  of  the  signals  (especially  the  "  stop  "  signals)  and  the  "  block  " 
sections  in  arranging  the  positions  of  the  feeding  points. 

Since  the  trains  operate  to  a  definite  time-table,  which  is  closely 
adhered  to  under  normal  conditions,  the  demands  on  the  sub-stations 
(under  normal  conditions  of  traffic)  can  be  estimated  with  a  fair  degree 
of  accuracy  when  the  distance-time  and  current-time  curves  of  the 
trains  are  available. 

The  number  of  trains  on  a  given  section  of  the  track  is  best  determined 
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from  a  graphic  time-table,  which  is  really  a  distance-time  chart  for  each 
individual  train.  By  means  of  this  chart  the  positions  of  trains  at  im- 
portant junctions — where  two  trains  may  have  to  use  the  same  cross- 
over— can  readily  be  seen.  As  a  first  approximation  in  the  preparation 
of  such  a  chart  from  a  completed  time-table,  the  distance-time  curves 
of  the  trains  may  be  assumed  as  straight  lines.  When  the  time-table  is 
not  available,  the  chart  must  be  prepared  from  the  running  curves  of 
the  trains.  If  the  positions  of  stations  and  the  *^  stop  "  signals  are 
indicated  on  the  chart,  an  approximate  idea  of  the  maximum  load  of 
the  section  can  be  obtained. 

Hence,  when  the  voltage  drop  is  fixed,  and  the  resistance  of  the 
conduct/Or  rails  is  known,  the  maximum  length  of  section — ^which  can 
be  supplied  from  a  given  feeder — can  readily  be  determined.  The 
position  of  the  sub-station  is  then  chosen  to  give  the  most  economical 
arrangement  of  the  feeders.  In  some  cases,  however,  the  sub-stations 
must  be  located  at  the  passenger  stations,  and  in  these  cases  the  possible 
positions  of  the  sub-stations  are  fixed,  and  the  feeding  system  must  be 
designed  accordingly. 

As  an  example  of  the  method  of  determining  the  distance  between 

the  sub -stations  for  a  given  case,  we  will  assume  that  a  service  of  175- ton 
motor-coach  trains  has  to  be  run  over  a  double-track  railway,  on  which 
the  distance  between  the  stations  is  2560  feet ;  the  schedule  speed  being 
16  ml.p.h.,  and  the  duration  of  stop  being  20  seconds.  The  track  may 
be  assumed  to  be  straight  and  level.  The  trains  are  equipped  with  con- 
tinuous-current motors,  and  the  equipments  are  assumed  to  be  identical 
with  those  of  the  176-ton  six-coach  train  for  which  the  speed-time  curve 
and  energy  consumption  were  calculated  in  Chapter  XIX. 

The  average  voltage  on  the  trains  is  to  be  600  volts,  and  the  con- 
verting machinery,  to  be  used  in  the  sub-st«tions,  is  designed  to  give 
600  Volts  at  no  load  and  630  volts  at  full  load.  The  distributing  S3rstem 
consists  of  two  (positive  and  negative)  conductor  rails  weighing  100  lb.- 
per  yard. 

The  maximum  service  on  the  railway  is  45  trains  per  hour  in  each 
direction.* 

From  Chapter  XXIII  we  obtain  the  resistance  of  one  mile  of  conductor 
rail  (allowing  for  bonding)  as  0*034  ohm,  so  that  the  resistance  of  the 
conductor-rail  distributors  per  mile  of  the  track  will  be  0-068  ohm. 

Now  the  maximum  voltage  drop  in  the  conductor  rails,  under  the 
conditions  of  maximum  traffic,  should  not  exceed  40  volts,  and  as  the 
starting  current  of  a  train  is  1800  amperes,  it  is  apparent  that  the  maxi- 
mum voltage  drop  will  be  obtained  with  this  current  flo\iing  in  a  section 
1725  ft.  long.  [The  voltage  drop  in  a  mile  of  distributor,  carrying  a 
current  of  1800  amperes,  is  (0-068x1800=)  122-6  volts,  so  that  the 

voltage  drop  in  a  length  of  1726  ft.  will  be  (122-6  xi^=)  40  volta.] 
With  a  service  of  46  trains  per  hour,  the  headway  between  trains  is 
^-p—  -  j  80  seconds  ;    and  since  the  running  time  is  89  seconds  (see 

•  This  is  equivalent  to  the  maximum  service  run  over  a  portion  of  the  District 
Railway,  London.  Obviously,  this  service  is  only  possible  in  conjunction  with 
automatic  signalling. 
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page  431),  a  series  of  distance-time  curves  for  consecutive  trains  can 
readily  be  constructed  from  the  data  given  in  Chapter  XIX  (p.  430). 
(A  number  of  these  curves  for  one  track  are  given  in  Fig.  476.)  On 
the  same  curve  sheet,  and  on  the  time  base,  are  plotted  curves  of  the 
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current  taken  by  a  single  train  when  operating  to  the  above  schedule  (see 
Fig.  476). 

We  have  now  a  chart  from  which  the  distribution  of  current  in  the 
conductor  rails  can  be  determined,  and  the  problem  is  to  ascertain  the 
distance  between  the  trains  which  rre  taking  the  maximum  current 
(1800  amperes)  at  the  same  instant.  Since  the  times  of  departure  of  the 
trains  from  consecutive  stations  are  not  identical,  it  will  be  necessary  to 
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oonsider  a  fairly  long  length  of  track  (about  3  miles)  in  order  to  obtain  a 
number  of  trains  starting  at  the  same  time.  If  a  group  of  consecutive 
stations  be  designated  A,  B,  C,  D,  &c.»  then  we  find  that  at  a  given  instant 
trains  are  starting  simultaneously  from  stations  A,  D,  G.  (There  is, 
however,  a  short  time  interval  of  seven  seconds  between  the  successive 
starts.)  We  also  find  that  when  a  train  is  starting  from  station  B, 
other  trains  are  starting  from  stations  E  and  F.  Thus,  the  maximum 
currents  may  be  considered  to  occur  simultaneously  at  stations  7680  feet 
apart. 

The  positions  of  the  sub-stations  can  now  be  fixed  when  the  system 
of  feeding  has  been  decided.     In  order  to  simplify  matters  we  will  assume 

that  the  conductor  rails  are 
continuous  between  the  sub- 
stations and  that  no  inter- 
mediate feeders  are  adopted. 
Therefore,  the  feeding  points 
in  the  conductor  rails  are 
opposite  the  sub-stations. 
A  little  consideration  wiU 
show  that  if  the  sub-stations 
are  located  at  the  passenger 
stations  A,  D,  G,  &c.,  the 
maximum  voltage  drop  ^ill 
occur  at  the  intermediate 
stations  B,  C,  E,  F,  &c., 
and  will  equal  39-2  volts.* 
Thus,  with  this  arrangement 
of  the  feeders  and  conductor 
rails,  the  sub  -  stations  are 
7680  feet  (nearly  1-5  miles) 
apart.  Of  course,  if  the  conductor  rails  were  also  fed  at  intermediate 
points,  the  distance  between  the  sub-stations  would  be  increased ;  but 
in  this  case  very  heavy  feeders  would  be  required,  due  to  the  relatively 
high  conductivity  of  the  conductor  rail  (which  is  equivalent  to  that  of  a 
feeder  1-33  sq.  in.  in  cross-section).  Moreover,  the  intermediate  feeders 
would  probably  require  boosters  in  order  to  make  them  thoroughly 
effective. 

Assuming  that  an  "  up  "  and  a  '*  down  "  train  start  together,  the 
maximum  load  on  a  single  sub-station  will  be  (2  x  1800  x630=)  2270  kw. 
This  figure  does  not  allow  for  the  additional  loads  occasioned  by  signal 
checks. 

In  the  above  example  the  positions  of  the  sub-stations  have  been 
fixed  from  considerations  of  the  permissible  voltage  variation  at  the 
trains.  With  systems  on  which  the  traffic  consists  of  only  a  few  trains 
per  hour,  it  would  be  more  economical  to  increase  the  distance  between 
the  sub-stations  and  adopt  a  system  of  boosted  feeders,  since  in  this 
case  tho  increase  in  the  load -factor  on  the  sub-stations,  together  with 
the  lower  capital  charges  on  the  sub-stations,  will  more  than  compensate 

*  When  a  train  is  starting  from  station  B,  two-thirds  of  the  starting  current 
will  be  supplied  by  sub-station  A,  and  the  remaining  one-third  by  sub-staticm  D. 
(This  assumes  equal  voltages  at  the  sub-stations.)     Hence  the  voltage  drop  in  the 
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Fig.  477. — Most  Economical  Spacing  of  Sub- 
stations for  100-ton  Trains  operating  on 
Suburban  Service. 
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for  the  cost  of  the  boosters  and  feeders.  In  this  connection,  the  curves 
of  Fig.  477  *  are  of  interest.  These  curves  show  the  relation  between 
the  most  economical  spacing  of  the  sub-stations  and  the  density  of  the 
traffic  for  a  36-mile  double-track  railway,  having  passenger  stations  one 
mile  apart,  on  which  is  run  a  service  of  100-ton  trains  at  a  schedule 
speed  of  16  ml.p.h.,  with  stops  of  20  to  30  seconds  duration.  The  effect 
of  the  operating  voltage  on  the  sub-station  spacing  is  also  shown. 

Sectionalisation  of  the  Distributing  System.  —With  continuous- 
current  railways  operating  from  conductor  rails  there  are  no  Board  of 
Trade  regulations  limiting  the  length  of  the  sections,  and  consequently 
the  latter  can  be  arranged  to  suit  the  requirement-s  of  the  traffic,  due 
consideration  being  given  to  the  sectionalisation  at  cross-overs  and 
junctions. 

The  methods  of  sectionalising  the  conductor  rails  will  obviously  be 
influenced  by  the  method  of  operating  adjacent  sub-stations  (t.c.  whether 
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Fig.  478. — ^Method  of  Feeding  Conductor  Rails  with  ^ub-stations 

operating  in  Parallel. 

these  sub-stations  are  operated  in  parallel  or  separately)  and  will  of 
course  depend  on  whether  or  not  the  "  up  "  and  "  down  "  conductor 
rails  of  the  same  polarity  are  cross-bonded. 

As  examples  of  cases  in  which  the  adjacent  sub-stations  are  operated 
in  parallel  we  may  consider  the  general  scheme  of  feeding  and  sectional- 
isation adopted  on  the  Central  London  (Tube)  and  the  Metropolitan 
District  (London)  Railways. 

On  the  Central  London  Railway,  a  section-insulator  is  inserted  in 
the  conductor  rail  opposite  each  sub-station,  and  the  ends  of  the  con- 
ductor rails  are  connected  to  double-throw  (single-pole)  switches,  as 
shown  in  Rg.  478.  When  the  switches  in  adjacent  sub-stations  are 
thrown  into  the  upper  contacts,  the  section  of  conductor  rail  between 
these  sub-stations  is  fed  from  each  end,  and  the  load  on  this  section  is 
therefore  supplied  from  both  of  the  sub-stations.  In  the  event  of  one 
sub-station  being  shut  down,  the  switches  are  thrown  into  the  lower 
contacts,  thereby  bridging  the  section-insulators  and  transferring  the 
load  to  the  sub-stations  on  either  side. 

This  method  of  sectionalisation,  however,  is  not  suitable  when  the 
traffic  is  operated  with  motor-coach  trains  having  a  power  cable  (or 

♦  From  a  paper  on  the  "  Economies  of  Electric  Railway  Distribution,"  by 
Dr.  H.  F.  Parshall.  See  Minutes  of  the  Proceedings  of  ihe  Institution  of  Civil 
Engineers,  vol.  199,  p.  47.  The  paper  deals  very  fully  with  the  spacing  of  sub- 
stations for  various  conditions  of  traffic  and  various  systems  of  distribution. 
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**  bus  line  ")  between  the  end  motor-coaches,*  since  if  a  fault  occurred 
when  the  train  was  passing  over  the  section-insulator,  the  circuit  breakers 
on  both  sections  would  be  tripped,  thereby  cutting  off  power  from  a 
considerable  length  of  track.  This  objection  can  be  removed  by  insert- 
ing a  separate  section  (the  length  of  which  is  slightly  greater  than  the 
extreme  distance  between  the  front  and  rear  collector  shoes)  between 
the  main  sections,  and  feeding  this  section  separately.  Thus,  in  Fig. 
479,  two  sub-stetions  are  represented  at  A  and  d.     Sub-station  A 
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Method  of  Feeding  Ck>nductor  Raib  and  **  Train  Sections  '* 
with  Sub-stations  operating  in  Parallel. 


supplies  the  sections  X,  W,  Y,  while  sub-station  B  supplies  the  sections 
Y,  V,  Z.  Of  these  sections,  X,  Y,  Z  represent  the  main  sections  of  the 
conductor  rails,  while  W,  V  represent  the  special  short  sections  (called 
"train  sections")  opposite  each  sub-station.  It  is  apparent  that  an 
overload  on  a  main  section  only,  or  a  main  section  and  a  train  section 
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Fig.  480. — ^Arrangement  of  Conductor  Rails  and  Sectionalising  Switches 

at  a  Cross-over. 

together,  will  only  shut  down  one  main  section.    This  method  of  feeding 
and  sectionalising  the  conductor  rails  is  adopted  on  the  Metropolitan 

District  Railways. 

In  cases  where  the  sub-stations  do  not  operate  in  parallel — as,  for  ex- 
ample, on  the  electrified  (London)  lines  of  the  Great  Western  Railway — 
provision  must  be  made  for  bridging  the  sections  supplied  from  neigh- 
bouring sub-stations,  so  that,  in  an  emergency,  these  sections  can  be 
supplied  from  one  sub-station.  The  switches  for  this  purpose  are  gener- 
ally located  in  section  pillars  adjoining  the  track. 

♦  On  tube  railways,  no  pow£»r  cable  is  allowed  to  be  carried  between  the  motor- 
coeu^hes. 
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Another  feature  in  which  a  system  supplied  from  separate  sub-stations 
differs  from  one  in  which  the  sub-stations  operate  in  parallel  is  the 

cross-bonding  of  the  conductor  rails  of  the  same  polarity.    This 

cross-bonding  is  usually  carried  out  by  switches  locaticd  in  pillars  adjacent 
to  signal  cabins,  so  that  the  switches  may  be  operated  by  the  signalman 
on  instructions  from  the  responsible  department.  Under  normal  con- 
ditions of  operation  the  switches  are  closed,  and  the  "  up  "  and  "  down  " 
conductor  rails  of  the  same  {|>larity  are  connected  together  at  a  number 
of  points,  so  that  the  full  conductivity  of  the  conductor  rails  is  available. 
The  method  of  sectionalising  and  feeding  the  conductor  rails  at 
station  cross-covers  is  important,  as  provision  must  be  made,  in  the 
case  of  a  breakdown,  for  single-line  working  or  for  shuttle  working, 
according  to  the  character  of  the  breakdown.  A  diagram  showing  the 
switches  and  conductor  rail  sections  to  fulfil  these  requirements  is  shown 
in  Fig.  480. 

Feeding  and  Disteibuting  Systems  for  Alternattng-cureent 

Railways 

On  alternating-current  railways  the  trains  are  supplied  from  over- 
head contact  lines,  and  the  track  rails  are  used  as 
the  retiu*n  conductor.  As  high  operating  voltages 
are  adopted,  it  is  apparent  that  the  sub-stations 
may  be  placed  at  considerable  distances  apart, 
while,  in  some  cases,  sub-stations  may  be  unneces- 
sary. In  cases  where  power  is  purchased  from  a 
company,  it  may  be  necessary  to  instal  transformers 
or  frequency  changers  in  the  sub-stations  for  supply- 
ing the  railway  at  a  suitable  voltage  and  frequency. 

The  calctdation  of  the  voltage  drop  in  the 

overhead  contact  wire  (or  trolley- wire)  involves 
the  coasideration  of  the  effects  of  resistance,  self- 
induction,  mutual -induction,  and  power-factor. 
The  effect  of  the  power-factor  on  the  voltage  drop 
is  shown  in  the  vector  diagram  of  Fig.  481.  In 
this  diagram  the  current  (/)  is  represented  by  the 
vector  01,  the  voltage  at  the  distant  (or  receiving) 
end  of  the  line  is  represented  by  the  vector  OV, 
and  the  voltage  at  the  generating  end  of  the  line  is 
represented  by  the  vector  OE,  which  is  compounded 
from  OV  and  the  impedance  voltage  VE,  the  latter 
consisting  of  the  reactance,  or  inductive,  component  Va  (=/«)  ard  the 
resistance  component  aE  (=/f),  capacity  effects  not  being  considered. 

Now  the  difference  between  OE  and  OV  (».e.  the  actual  voltage 
drop  t;)  is  given  approximately  by ; 

v=/(a;sin  ^-hf  cos  <^), (59) 

or  r=:/zcos(9O°->-0),* (59a) 

♦  With  small  values  for  a  (Fig.  481),  OA  and  OE  are  approximately  equal. 
Therefore  OE  —  OV  is  approximately  equal  to  OA  —  OV  =  VA. 

Now  E^A«90°-^-a,  and  VE=J2,  so  that  VA«Jz  cos  (9O°-0-0). 
Again,  VA=VB  +  BA=(a;i  cos  (9O°-0)+ri  cos  0 

=I(x  sin  0+r  cos  0). 
In  practice,  a  is  only  a  small  angle,  since  the  impedance  voltage  {z)  is  only  a 
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where  /  is  the  current ;  x,  r ,  z  are  respectively  the  reactance,  the  re- 
sistance, and  the  impedance  of  the  circuit ;  ^  is  the  phase-difference 
between  the  current  and  voltage  at  the  receiving  ^nd,  and  6  is  the  angle 
between  the  impedance  and  reactance  voltages. 

[NoTB. — 0  may  be  called  the  characteristic  angle  of  the  circuit,  since 

....        r     .       ,  resistance  ~1 

it  IS  given  by  tan~^ 

°  *'  reactance  J  ^ 

The  reactance  voltage  (xl)  is  given  by  wL/,  where  ta=^2izf  (f  being 
the  frequency)  and  L  is  the  inductance  of  the  circuit. 

Now  L  can  be  calculated  from  the  dimensions  and  spacing  of  the 
conductors  forming  the  circuit.  In  the  case  of  two  parallel  wires  of 
radius  r,  spaced  at  a  distance  D  apart,  the  inductance  (in  henries)  per 
mile  of  circuit  is  given  by 

Ir  =0-OoWo-92  log  ^^fO•l/*^ (60) 

or  approximately  by 

L=0-0016iro-921og:^+0-lfi) (60a) 

where  fi  is  the  permeability  of  the  conductor  (/a=^1  for  all  non-magnetic 
materials). 

[NoTB. — ^The  first  term  in  the  bracket  refers  to  the  magnetic  field 
external  to  the  conductors,  while  the  second  term  (0*lft)  refers  to  the 
magnetic  field  inside  the  conductors.] 

In  alternating-current  railways  the  trolley-wire  and  rails  differ  con- 
siderably in  dimensions  and  magnetic  properties ;  consequently  the 
inductance  of  a  circuit  consisting  of  a  length  of  trolley-wire  and  rails 
cannot  be  determined  directly  by  the  application  of  equation  (60).  It 
will  be  necessary,  therefore,  to  calculate  the  inductance  of  each  part 
of  the  circuit  separately.  Now  the  self-inductance  of  a  single  straight 
wire  (removed  from  the  return  conductor)  is  given  (in  henries)  by 

^.=I0^1og.--Hj)=^2.31og--l^;) (61) 

in  which  I  and  r  denote  respectively  the  length  and  radius  of  the  wire 
in  centimetres.  If  the  return  current  passes  through  a  parallel  wire  of 
similar  dimensions,  then  the  self-inductance  of  the  outgoing  wire  will 
be  reduced,  due  to  the  mutual  induction  of  the  return  conductor,  the 
reduction  in  the  self -inductance  being  given  (in  henries)  by : 

where  D  is  the  distance  between  the  wires. 

small  fraction  of  the  line  voltage,  and  consequently  we  may  apply  the  above  equa- 
tions to  practical  problems. 


rNoTK.^a  =  sin-l  ^(sin  90*  -  0  -  oYl 
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[Hence  the  inductance  of  a  wire  forming  part  of  a  circuit  consisting  of 
two  parallel  wires  will  be  given  by : 

from  which  the  inductance  per  mile  of  circuit  is  obtained  as : 

^=7^(2-31og^-iQxl-61XlO^ 

=0-0016l(o-92  log  y  f  01/x\1 

Now,  if  the  return  circuit  consist  of  two  wires  parallel  to  the  out- 
going wire,  then  each  of  the  return  conductors  will  exert  an  inductive 
effect  upon  the  outgoing  wire.  Hence  if  /,  /j,  /j  denote  the  currents  in 
the  outgoing  and  return  conductors  ;  r^,  fj,  fg  denote  the  respective  radii 
of  these  conductors ;  and  Dj,  Dj  denote  the  distance  between  the  out- 
going and  each  return  conductor  ;  then,  since  /=(/i+/2)»  ^^®  inductance 
of  a  length  I  (cms.)  of  the  outgoing  conductor  will  be  given  by : 


/I  i«, 


(62) 


=  10»|i+2-3  log  (^    ^    ^    * 

The  inductance  of  one  of  the  return  conductors  (say  No.  1)  will  be 
given  by : 

^.-^{(2-3.<,f-.+?)>^|-.)^f(2.S.^|.-)f'} 


where  D^  is  the  distance  between  the  two  return  conductors.    Similarly, 
the  inductance  of  the  other  return  conductor  (No.  2)  will  be  given  by : ' 

^«=^ll|?+2-3'^g(^'\ 

K  the  return  conductor  acted  also  as  the  return  conductor  for  a 
second  outgoing  wire,  then  the  above  equations  would  have  to  be  modified 
to  take  into  account  the  mutual  induction  of  this  wire  upon  the  other 
outgoing  wires  and  the  return  conductors. 

It  is  apparent  that,  in  the  case  of  a  double  or  four-track  single-phase 
railway,  the  calculation  of  the  voltage  drop  in  the  rails  and  the  trolley- 
wire  is  not  a  simple  process.  As  an  example  of  the  application  of  the 
above  equations  we  will  consider  the  case  of  a  single-track  railway  on 
which  the  trolley-wire  is  suspended  centrally  above  the  rails.    The  two 
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80-lb.  track  rails  are  laid  to  standf^rd  gauge  (4  ft.  8-5  in.),  and  are  cross- 
bonded.  The  copper  trolley- wire  is  0-6  in.  in  diameter,  and  is  17  ft. 
above  the  rails. 

If  the  distance  between  the  centres  of  the  rails  be  assumed  as  4-9  ft., 

the  distance  between  the  trolley- wire  and  one  rail  will  be  (\/i7--i-ii-40^=) 
17 '17  ft.  Hence,  on  account  of  the  symmetrical  arrangement  of  the 
troUey-wire  and  rails,  the  inductive  effect  of  the  latter  on  the  former  wiU 
be  the  same  as  if  the  return  current  passed  through  a  single  conductor 
17-17  ft.  below  the  trolley-wire. 

The  inductance  of  1  mile  of  the  trolley-wire  is  therefore 

2x1-61x10Va  oc  .  ooi        17-17  Xl2\      ^  nnooo  u 

j^5 (0-25  +  2-3  log  — — - —  j  =0  00223  henries. 

In  order  to  calculate  the  inductance  of  the  rail  return  we  must  know 
(1)  the  equivalent  radius  of  the  rails  and  (2)  the  permeability. 

The  former  may  be  taken  as  equal  to  ( —  x  perimeter  of  rail],  the 

perimeter  of  standard  bull-head  rails  being  given  in  Table  XXIV  (p.  492). 
The  permeability  depends  on  the  chemical  composition  of  the  rail, 
and  on  the  current  passing  through  it.  In  the  present  example  we 
will  assume  the  perimeter  of  the  rail  as  18*8  in.,  and  the  permeability 
as  40.    Hence  the  inductance  per  mile  of  the  rail  return  will  be : 

,     2x1-61  Xl0fif40  ,  ^«,      /   1717^   \1     nAAOKu      • 
i  X 105 ]t+2-^  ^^^(  18^X4^  f=^-^^^  ^"^^• 

[Note. — ^The  index  2  in  the  logarithmic  term  is  obtained  from  the 
ratio  of  the  current  in  the  trolley-wire  to  the  current  in  one  rail,  each 
rail  being  assumed  to  carry  one-half  of  the  current  in  the  trolley-wire.] 

The  impedance  of  the  trolley-wire  and  the  rails  can  be  obtained  when 
the  resistances  and  the  frequency  are  known.  The  resistance  of  the 
track  rails,  however,  will  not  be  equal  to  the  resistance  as  measured 
with  continuous  currents,  on  account  of  the  "  skin  effect  "  (i.e.  the  con- 
centration of  the  current  to  the  outer  portion  of  the  rail). 

Now  the  ''  skin  effect "  depends  on  the  frequency  and  the  magnetic 
properties  of  the  conductor.  In  the  case  of  conductors  consisting  of 
magnetic  materials,  the  current  is  confined  to  a  thin  surface  layer  of 
the  conductor,  the  thickness  (S)  of  which  is  given  by 


where  p  denotes  the  specific  resistance  of  the  material,  fi  the  permea- 
bility, and  ft)  =  2tc  X  frequency. 

From  a  number  of  tests  *  on  track  rails  carr3ang  alternating  currents, 
the  thickness  of  the  surface  layer  has  been  computed  at  from  3  to  4 
millimetres  for  the  frequencies  and  currents  appropriate  to  alternating- 
current  railways.  The  equivalent  resistance  of  the  track  rails  when 
carrying  alternating  currents  may  therefore  be  calculated  from  8,  />, 
and  the  perimeter  (y)  of  the  rail. 

Assuming  8—3  mm.  and  />=8xl0"*  ohms  per  inch  cube,  the  equi- 

♦  See  The  Electrician,  voL  66,  p.  767. 
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valent  resistance  (E)  per  foot  of  rail  is  given  by  i?=-- — ^  xlO"^®  ohms, 

p  being  the  perimeter  of  the  rail  in  inches. 

We  are  now  able  to  calculate  the  impedance  of  the  track  rails  in  the 
above  example.    Thus,  the  equivalent  resistance  of  a  mile  of  the  above 

single    track,   cross-bonded,   is  M  ^x^^-X-^XlO-*^  j   0-15   ohm. 

[Note.— 20  per  cent,  is  allowed  for  the  resistance  of  the  joint«.] 

Hence  the  impedance  of  the  rail  return  at  25  frequency 

=  V(015)'*+(27:.25  xO  0025)2=0 -395  ohm  per  mile. 

Therefore  the  voltage  drop  in  the  rails,  when  carrying  a  current  of  120 
amperes,  will  be  (120x0-395=)  47-4  volts  per  mile. 

With  a  number  of  trains  on  this  length  of  track,  the  voltage  drop 
would  reach  an  undesirable  value.    Therefore  provision  must  be  made 


Troiiey    Wirm' 
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Fig.  482. — ^Method  of  Connecting  Booster-transformers  for  Neutralising 

Voltckge  Drop  in  Rails. 

for  relieving  the  rails  of  some  of  the  return  current,  so  that  the  maximum 
voltage  drop  in  the  rails  will  not  exceed  20  volts. 

This  result  can  be  obtained  by  the  use  of  booster-transfonners  in 
connection    with    a    concentric    distributing   cable.     Although    various 

methodB  of  arranging  the  boosters  and  cables  are  possible,  we  shall 

only  consider  the  method  which  is  in  use  in  this  country  (on  the  suburban 
lines  of  the  London,  Brighton,  and  South  Coast  Railway).  This  method 
is  shown  diagrammatically  in  Fig.  482. 

Referring  to  Fig.  482,  the  sections  of  the  trolley-wire  are  supplied 
from  the  inner  conductor  of  a  concentric  cable,  which  is  divided  up 
into  the  same  number  of  sections  as  the  trolley-wire,  the  sections  being 
connected  through  the  primary  windings  of  the  booster-transformers 
(of  1  :  1  ratio).  Thus  the  primary  windings  of  the  booster-transformers 
are  all  connected  in  series.  The  secondary  windings  of  the  booster- 
transformers  are  also  connected  hi  series  by  a  single  insulated  cable, 
which  is  connected  at  certain  points  to  the  (earthed)  outer  conductor 
of  the  concentric  cable,  this  conductor  being  also  connected  to  the  rails 
at  frequent  intervals. 

Now,  since  the  booster-transformers  have  a  ratio  of  unity,  the  primary 
and  secondary  currents  will  be  nearly  equal  (the  difference  between  these 
currents  being  equal  to  the  magnetising  ciurent  of  the  transformers), 
and  consequently  the  cable  connecting  the  secondarv  windings  of  the 

2p 
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transformers  must  carry  a  current  approximately  equal  to  that  in  the 
inner  conductor  of  the  concentric  distributing  cable.  Therefore  practi- 
cally all  the  return  current  will  be  drawn  from  the  rails  into  the  booster 
cable. 

The  E.M.F.  in  the  secondary  winding  of  the  booster-tr^rnsformers 
(which  neutralises  the  impedance  voltage  drop  in  the  secondary  circuit) 
is  obtained  from  the  primary  winding,  so  that  the  voltage  drop  in  the 
return  conductor  is  transferred  to  the  outgoing  conductor  (i.e.  the  inner 
conductor  of  the  concentric  distributing  cable).         .   • 

Mbthods  op  Febdino  and  Sectionalising  the  Trolley-were 

In  single-phase  railways  the  percentage  permissible  variation  of  volt- 
age at  the  trains  is  much  greater  than  that  for  continuous-current  or 
three-phase  railways,  since  the  methods  of  control  adopted  for  single-phase 
motors  are  generally  arranged  so  that  the  schedule  speed  can  be  main- 
tained with  the  line  voltage  considerably  below  normal.  For  instance,  it 
is  only  necessary  to  provide  additional  tappings  on  the  main  transformer, 
and  one  or  two  extra  notches  on  the  controller.  With  three-phase 
motors,  supplied  direct  from  the  troUey-wires,  the  variation  of  the  line 
voltage  affects  the  performance  of  the  motor — ^the  torque  for  a  given 
current  varying  approximately  as  the  square  of  the  line  voltage — ^so 
that  abnormally  low  voltages  must  be  avoided. 

It  is  apparent,  therefore,  that  a  considerable  length  of  track  cim 
be  supplied  from  one  feeder,  and  that  a  large  spacing  of  the  sub-stations 
(when  these  are  necessary)  may  be  adopted. 

But  the  trolley-wire  must  be  divided  into  sections,  which  must  be 
interconnected  so  that  the  train  service  may  be  maintained  in  the  case 
of  the  breakdown  of  one  section.  The  switches  for  this  purpose  may  be 
located  in  cabins  adjoining  the  signal  cabins  (as  on  the  London,  Brighton, 
and  South  Coast  Railway),  or  they  may  be  placed  on  the  top  of  the 
gantries  (as  on  the  New  Haven  Railroad). 

The  general  scheme  of  feeding  and  sectionalising  the  trolley- wire 

on  the  London,  Brighton,  and  South  Coast  Railway  is  as  follows  : 

The  power  is  purchased  from  a  supply  company,  and  is  supplied  at  the 
required  voltage  and  frequency  (viz.  6600  volts,  26  frequency)  to  a 
central  distributing  room,  from  which  it  Ls  distributed  to  the  various 
parts  of  the  overhead  system.  The  South  I»ndon  lines  (liondon  Bridge- 
Victoria)  are  supplied  from  the  central  distributing  room  (which  is 
situated  at  one  of  the  passenger  stations  on  that  line),  while  the  Victoria- 
Crystal  Palace  lines  are  supplied  from  another  distributing  room,  which 
receives  power  from  the  central  distributing  room  through  a  concentric 
feeder  (0-5  sq.  in.). 

The  sections  of  the  trolley- wire  are  supplied  from  the  distributing 
rooms  by  means  of  concentric  distributors,  the  iimer  conductor  of  which 
is  connected  to  the  bus-bars  in  the  switch  cabins,  and  the  outer  con- 
ductor is  connected  to  the  rails  and  gantries. 

The  switch  cabins  are  generally  placed  near  the  passenger  stations. 
Each  cabin  is  equipped  with  a  boost<er-transformer,  and  the  necessary 
oil-switches,  disconnecting  switches,  and  lightning  arresters.  The  high- 
tension  bus-bar  is  divided  into  two  sections,  which  are  connected  through 
the  primary  winding  of  the  booster-transformer.    Each  transformer  is 


FEEDING  AND  DISTRIBUTINGISY STEMS,       595 

provided  with  short-circuiting  and  dieconnecting  oil-switches  on  the  high- 
tension  side,  and  a  short-circniting  switch  on  the  low-tension  side.  The 
secondary  windings  of  the  )>ooBter -transformers  are  interconnected  by 


a  single  insulated  cable,  which  is  connected  at  certain  points  to  the 
outer  conductor  of  the  distributor. 

The  arrangement  of  the  external  wiring  from  the  switch  cabin  to  the 
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various  sections  of  the  trolley-wire  is  shown  in  Fig.  483.  The  sections 
of  the  trolley-wire  are  connected  to  insulated  transverse  wires,  suspended 
over  the  top  of  the  gantry,  and  the  latter  wires  are  connected  to  the  section 
switches  in  the  cabin,  the  outlets  being  arranged  in  the  roof. 

Interference  Effects  on  Telegraph  and  Telephone  Oircoits.  -It  is 

clear  that,  ulien  telegiaph  and  telephone  circuits  are  run  parallel  to 
trolley-wires  carrying  single-phase  currents,  the  latter  will  produce 
electromagnetic  and  electrostatic  disturbances  in  the  former.  In  some 
cases  the  disturbances  have  been  of  such  magnitude  that  the  telephone 
circuits  have  had  to  be  rxm  underground,  and  in  other  cases  various 
devices  have  had  to  be  adopted  to  neutralise  the  inductive  effects  in 
the  auxiliary  circuits.* 

In  the  case  of  an  extensive  railway  system,  where  the  gantries  are 
used  for  carrying  overhead  feeders  as  well  as  the  trolley-wires  (see  Figs. 


Smet/omi/is/nff    Ayto-  tn0n§/hrmgrS\ 
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Fia.  484. — Method  of  Connecting  Overhead  Feeders  and  Trolley-wire 
to  Minimise  Interference  Effects  on  Neighbouring  Circuits. 

451,  454,  pp.  550,  553),  the  electromagnetic  disturbances  in  the  parallel 
auxiliary  circuits  may  be  minimised  by  adopting  the  distributing  system 
shown  diagrammatically  in  Fig.  484.  In  this  system  (which  is  adopted 
on  the  extensive  electrification  of  the  New  Tork,  New  Haven,  and 
Hartford  Railroad  and  its  branches)  the  feeders  are  supplied  at  double 
the  voltage  of  the  trolley-wire,  and  the  latter  is  fed  from  the  former 
through  auto-transformers.  The  centre  point  of  the  winding  of  each 
auto-transformer  is  connected  to  the  rails.  Consequently,  the  electro- 
magnetic effects,  due  to  the  currents  in  the  feeders  and  trolley-wires, 
partially  neutralise  each  other.  Moreover,  the  currents  in  the  portions 
of  the  trolley-wire  between  adjacent  transformers  are  in  opposite  direc- 
tions— as  shown  in  Fig.  484 — so  that  the  resultant  inductive  effect  on  a 
neighbouring  circuit  will  be  practically  zero.  The  arrangement  of  the 
feeders  and  trolley-wires  also  minimises  the  electrostatic  effects  on 
neighbouring  circuits. 

On  the  New  Haven  electrified  lines  t  the  auto-transformers  are  of 

*  In  this  connection  8«e  Proceedings  of  the  Institution  of  Civil  Engineers^  vol.  179, 
p.  6S  ;  Journal  of  the  Institution  of  Electrical  Engineers,  vol.  51,  pp.  522,  570,  634 ; 
Journal  of  Post  Office  Engineers,  1915. 

See  The  Electrician^  vol.  63,  p.  208,  for  the  effect  of  harmonics  caused  by  the 
motors. 

t  For  a  diagram  of  the  auto-transformer  sub-stations,  and  the  feeders,  see 
The  Electric  Journal,  vol.  1 1  ( 19U),  p.  263.     See  also  The  Electrician^  vol.  73,  p.  130. 
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the  outdoor  type,  and  are  placed  alongside  the  track  at  intervajs  of 
from  2  to  8  miles,  according  to  the  density  of  the  traffic.  The  sec- 
tionalising  switches — which   also   form   overload   circuit-bt^akers — are 


i<i 
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of  the  electricftUy-opemted  oil -break  type,  and  are  placed  on  the  top 
of  the  sectionalising  gantrieB,  the  switches  being  controlled  from  an 
adjacent  signal  cabin.  A  typical  sectionalising  gantry,  showing  the 
Hwitchen  and  the  outdoor  auto-transformer  sub-station,  is  shown  in 
Fig.  485. 


CHAPTER   XXVII 

SUB-STATION  CONVERTING  MACHINERY  AND   SWITCHGEAR  FOR 
CONTINUOUS-CURRENT  TRAMWAYS  AND  RAILWAYS 

Thk  supply  of  continuous  current  to  extensive  tramway  and  railway 
systems  cannot  be  effected  economically  from  a  central  continuous- 
ciurrent  power  station,  on  account  of  the  low  voltage  of  transmission. 
Moreover,  in  many  cases,  a  central  site  for  the  power  station  would  not 
be  available.  Therefore,  it  will  be  necessary  to  adopt  a  high-voltage, 
transmission  system  with  sub-stations,  from  which  the  power  is  distributed 
to  the  low-tension  network.  Since  the  most  economical  syst/cm  of 
transmission  is  by  means  of  three-phase  alternating  currents,  the  sub- 
stations must  contain  rotating  machinery*  for  the  conversion  of  the 
alternating  current  into  continuous  current.  The  machinery  available 
for  this  purpose  comprises  :  (1)  rotary  converters,  (2)  motor-generators, 
(3)  motor-converters. 

Of  these  machines,  the  motor-generator  is  the  simplest  but  the 
least  efficient :  it  consists  of  an  alternating-current  motor  direct-coupled 
to  a  continuous-current  generator.  The  motor  may  be  wound  for  the 
full  supply  voltage  (when  this  does  not  exceed  10,000  volts),  and  the 
voltage  of  the  generator  may  be  regulated  in  the  usual  manner.  There 
is,  therefore,  no  fixed  relation  between  the  voltages  of  the  continuous- 
current  and  alternating-current  sides,  and  obviously,  the  frequency  of 
the  supply  sjrstem  does  not  affect  the  operation  of  the  generator. 

The  rotary  converter  (sometimes  called  a  syncluronous  converter) 
is  considered  in  detail  below.  For  present  purposes,  we  may  state  that 
the  rotivry  converter  is  a  single  machine,  consisting  of  a  stationary  field- 
magnet  system  and  an  armature  with  a  commutator  and  slip-rings  ; 
the  armature  winding  being  usually  of  the  continuous-current  multiple- 
circuit  type  with  connections  to  the  slip-rings  at  suitable  points.  The 
armature  winding  is,  therefore,  common  to  both  alternating-ciurrent 
and  continuous-current  sides.  Consequently,  a  fixed  ratio  exists  between 
these  voltages,  and  if  the  voltage  at  the  continuous-current  side  is  re- 
quired to  be  varied,  the  variation  must  bo  obtained  either  by  altering 
the  voltage  at  the  alternating-current  side,  or  by  changing  the  wave-form 

*  It  is  probable  that  in  the  near  future  the  mercuxy-vapour  converter  (or  recti- 
fier) will  be  available  for  sub-stations  supplying  high-volta^  continuous-current 
railways.  This  apparatus  is  now  being  developed  in  large  sizes,  and  a  1000  lew. 
converter  has  be^  in  service  for  some  time  on  the  New  York,  New  Haven,  and 
Hartford  Railroad  ;  the  converter  being  installed  on  an  electric  locomotive.  See 
The  Electrician,  voL  74,  p.  891 ;  Electric  Railuny  Journal,  vol.  44,  p.  1343. 
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of  the  flux  distribuiion.  Since  the  voltage  at  the  alternating-current 
side  is  lower  than  that  at  the  continuous-current  side;  transformers  will  be 
required  for  operating  the  machine  from  a  high-voltage  supply  circuit. 

When  supplied  with  alternating  current,  the  rotary  converter  is  essen- 
tially a  synchronous  machine,  and  it  possesses  characteristics  and  operating 
features  which  are  common  to  synchronous  machinery  :  for  example,  the 
machine  is  liable  to  surge,  or  "  hunt,"  with  variations  in  the  supply 
frequency,  and  to  drop  out  of  step  with  excessive  overloads  or  short- 
circuits  on  the  supply  system.  These  phenomena  are  generally  accom- 
panied by  sparking  and  flashing  over  at  the  continuous- current  side,  and 
are  more  pronounced  in  machines  operating  on  circuite  of  high  frequency 
(c.^.  50  and  60  cycles). 

The  motor-converter  (sometimes  called  a  cascade  converter)  consists 
of  two  machines,  which  are  coupled 
together  mechanically  and  electrically. 
In  principle,  the  machine  is  an  induc- 
tion motor  and  a  rotarv  converter 
connected  in  cascade ;  the  induction 
mot-or  forming  the  primary  element  of 
the  group.  The  speed  of  the  sot  is, 
therefore,  dependent  on  the  sum  of  the 
numbers  of  poles  on  both  machines 
(see  Chapter  XI,  p.  104). 

The  motor-converter  possesses  op- 
erating features  which  are,  in  some 
respects,  superior  to  those  of  the  rotary 
converter.  Thus,  the  voltage  of  the 
continuous-current  side  can  be  regu- 
lated over  a  moderate  range: — 10  per 
cent,  up  or  dow^n — and  the  alternating- 
current  side  can  be  supplied  with 
high  voltage.  The  efficiency  of  the 
motor-converter,    however,    is   lower 

than  that  of  the  rotary  converter,  but  is  higher  than  that  of  the  motor- 
generator. 

In  any  given  case  the  choice  of  the  converting  machinery  will  be 

influenced  by  the  frequency  of  the  supply,  and  the  continuous-current 
voltage.  With  modem  power  plants,  in  which  large  turbo-generators 
are  adopted,  the  operation  of  rotary  converters,  of  modem  d&sign,  is 
perfectly  satisfactory  for  continuous-current  voltages  up  to  1500  volts — 
when  the  supply  is'^at  25  frequency — and  for  voltages  up  to  750  volts 
when  the  supply  is  at  50  or  60  frequency.  When  higher  voltages  are 
required,  it  is  general  practice  to  instal  motor-generators,  although,  in 
some  cases  two  rotary  converters  connected  in  series  have  been  adopted. 

Confining  our  attention  to  continuous-ciu-rent  voltages  between  500 
and  750  volts,  the  above  machines  may  be  considered  on  an  equality  as 
far  as  normal  operation  is  concerned.  Hence  the  choice  of  plant  will  be 
influenced  by  considerations  of:  (1)  efficiency;  (2)  space  occupied; 
(3)  cost. 

The  comparison  between  the  above  machines  for  efficiency  is  shown 
in  Fig.  486,  which  represents  the  approximate  difference  in  efficiency 
between  (a)  rotary  converters  and  motor-generators,  (6)  rotary  converters 
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generator. 
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and  motor-converters ;  the  rotary  converters  being  supplied  through 
transformers,  and  the  motor-generators  and  motor-converters  being 
supplied  direct  from  the  supply  system  (at  6000  volts).  It  will  be  ob- 
served that  the  difference  in  efficiency  increases  rapidly  as  the  size  of  the 
machines  is  reduced. 

As  comparative  values  for  the  efficiencies  of  modem  rotary  con- 
verters and  motor-generators  for  railway  purposes,  the  following  are 
representative : — 

(a)  1500  k\v.,  10-pole,  25  frequency,  600-volt  rotary  converter  (with 
transformers). 

Percentage  of  full  load   ....     50      75      100      125      150 
Percentage  efficiency      ....     93    94-3    94-6     94*2     931 

(&)  1500  kw.,  14-pole,  60  frequency,  600-volt  rotary  converter  (with 
transformers). 

Percentage  of  full  load  .     .50        75       100      125      150     200 
Percentage  efficiency     .     .   90*3    929     93*8    94*2    94*2    932 

(c)  1000  kw.,  motor-generator  set,  consisting  of  2300- volt,  10-pole, 
60  frequency,  synchronous  motor,  and  two  500  kw.,  1200-volt,  con- 
tinuous-current generators  (see  Fig.  502). 

Percentage  of  full  load    ...      50        75      100      125 
Percentage  efficiency  .     .     .     .     87-5    90-4    91-6    91-5 

The  comparison  between  the  above  machines,  aa  regards  floor  space 
occupied,  is  obviously  in  favour  of  the  rotary  converter.  When  con- 
sidered without  transformers,  the  floor  space  required  by  machines  of 
similar  rating  (1500  kw.)  and  speeds  (300  to  375  r.p.m.)  is  approximately 
as  follows  :  * — 

Rotary  converter  (without  starting  motor)     .         .       84  sq.  ft. 
Rotary  converter  (with  starting  motor)  .         .       92 

Motor-generator  ......     160 

Motor-converter.  .         .         .         .120 


On  account  of  the  diflFerences  in  the  efficiencies  of  the  above  machines, 
the  comparison  between  the  initial  costs  is  of  relatively  small  importance, 
as,  even  if  the  rotary  converter  were  more  expensive  than  the  other 
machines,  the  additional  cost  would  probably  be  justified  on  account  of 
the  higher  efficiency. 

The  above  comparison  between  rotary  converters,  motor-generators, 
and  motor-converters  is  sufficient  to  indicate  the  reasons  for  the  prefer- 
ence of  rotary  converters  for  traction  service,  and  we  now  purpose  to 
discuss  these  machines  more  in  detail  t  confining  our  attention  to  machines 
for  traction  service  and  for  voltages  between  500  and  750  volts 

Voltage  Ratio. — ^It  can  be  shown  {  that  when  a  rotary  converter  \a 
running  at  no  load — with  sinusoidal  flux  distribution  and  sinusoidal 

*  From  a  paper  by  Professor  Miles  Walker  entitled  ''  Rotary  Converters  versus 
Motor-Qenerators."  See  Journal  of  the  InstihUion  of  EUdrical  Engineers,  vol.  38* 
p.  428. 

t  In  this  discussion  we  shall  consider  the  rotary  converter  from  the  practical 
or  operating  standpoint.  For  a  discussion  from  the  design  standpoint  (together 
with  examples  of  designs)  see  AUemcLting'  Current  Machinery,  by  Barr  &  Archibald, 
Chapters  XIH,  XIV,  XV.     (Published  by  Whittaker  &  CJo.) 

i  Ibid.,  p.  424. 
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supply  E.M.F. — ^the  ratio  of  the  voltage  (£,)  between  adjacent  slip- 
rings  to  the  voltage  (E)  at  the  commutator  is  given  by : 

E,_    1        .      7C 

'E-V2        m' 

where  m  is  the  number  of  phases  into  which  the  armature  winding  is 
divided  by  the  tappings  connected  to  the  slip-rings. 

Generally  rotary  converters  are  connected  for  either  three  or  six 
phases  {i.e.  the  portion  of  the  armature  winding  corresponding  to  each 
pair  of  poles  is  divided  into  three  or  six  parts  by  equidistant  tappings), 
and  the  theoretical  voltage  ratios  *  are  : — 

0-612  for  three  phases  (0'6l2=-y=.  sin  ^J 

and  0-364  for  six  phases  fo-354=--;=i  sin  ^j 

The  theoretical  ratio  of  the  line  currents   on  the  assumption  of  unity 
power-factor  and  no  losses  is  given  by 


m  sm  — 
m 


where  7^,  /«  denote  the  line  currents  on  the  alternating-current  and 
continuous-current  sides  respectively,  and  m  denotes  the  number  of 
phases. 

For  three-phase  and  six-phase  machines  the  theoretical  current  ratios 
are  respectively 


0.943(=H:^)andO-472(=2vJ). 


The  voltage  ratio  for  six  phases  refers  to  the  voltage  between  adjacent 
tappings  on  the  armature,  which  are  60  (electrical)  degrees  apart. 

The  voltage  ratio  for  tappings  180  (electrical)  degrees  apart  will  be  the 

same  as  that  for  a  single-phase  rotary  converter  |  i.e.  0  -TOT^ = -js,  sin  ^)\ , 

while  the  voltage  ratio  for  tappings  120  (electrical)  degrees  apart  will 
be  the  same  as  that  for  a  three-phase  rotary  converter. 

Hence  the  voltage  ratio  for  a  six-phase  rotary  converter  may  have 

the  values  0-354,  0-707,  0-612,  according  to  the  position  of  the  tappings 
between  which  the  alternating-current  voltage  is  measured.  This 
feature  will  be  rendered  clear  by  a  reference  to  Figs.  487  and  488,  the 
former  representing  the  location  of  the  tappings  for  a  two-pole  six-phase 
machine,  and  the  latter  showing  the  phase  and  quantitative  relations 
between  the  E.M.Fs.  It  is  apparent  that  the  voltages  between  tappings 
1-4,  3-6,  6-2  (Fig.  487)  are  equivalent  to  three  single-phase  systems 
differing  120  degrees  in  phase,  while  the  voltages  between  the  tappings 

*  In  practice,  the  voltage  ratio  may  differ  from  the  theoretical  values  by  values 
up  to  approximately  6  per  cent,  according  to  the  design,  the  shape  of  the  E.M.F. 
wave,  &0. 
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1-3-5,  4-6-2   (Pig.   487)  are  equivalent  to  two  three-phaBe  eystemB 
differing  180  degrees  in  phase. 

Therefore  a  six-phase  rotary  converter  may  be  supplied  either  from 
(1)  a  six-phnse  circuit,  in  which  the  E.M.Fs.  differ  60  degrees  in  phase 
and  have  a  magnitude  (between  lines)  of  0-3f>4  of  the  continuous -current 
voltage ;  (2)  three  single-phase  circuits,  in  which  the  E.M.Fs.  differ 
120  degrees  in  jihase  and  have  a  magnitude  of  0-707  of  the  continnous- 


current  voltage  ;  (3)  two  tliree-phase  cireuitn,  in  which  the  two  groups 
of  E.M.E^.  differ  180  degrees  in  phase,  and  have  a  magnitude  of  0-612 
of  the  oontinuoua-current  voltage. 

In  order  to  distinguish  these  methods  of  supply  they  wil!  be  referred 
to  respectively  as:  (1)  six -phase  mesh,  (2)  six-phase  diametrical,  and 
(3)  six-phase  double  delta. 

In  practice,  the  supply  in  casCa  (2)  and  (3)  is  obtained  from  a 


1  three- 
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Fio.  489. — Diametrical. 


a¥f-^ 


Fio.  490 .~— Double  DelU. 

I   Rotary 


pliase  system  hy  a  stiitiible  connection  of  the  transformers.  For  instance, 
the  three  single-phase  circuits,  dilTering  120  degrees  in  phase,  are  obvi- 
ously obtained  from  the  secondary  windings  of  a  three-phase  transformer 
by  removing  the  interconnections  betneen  the  secondary  phases  (se« 
Fig  489),  while  the  two  three-phase  circuits,  dilTering  180  degrees  in 
phase,  are  obtained  from  a  three-phase  transformer,  with  double  secondary 
windings,  bv  connecting  the  corresponding  portions  of  the  secondaries 
in  A,  and  reversing  one  group  in  relation  to  the  other,  as  icdicatod  in 
Fig.  490 
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In  practice,  the  six-phase  diametrical  connection  is  generally  adopted, 
since  standard  transformers  can  be  used,  and  interconnections  between 
the  secondary  windings  of  the  transformers  are  not  required. 

Six-phase  rotary  converters  possess  several  advantages  over  three- 
phase  machines,  the  principal  advantages  being  [a)  that  the  heating  of 
the  armature  winding  for  a  given  cross-section  of  armature  conductor 
and  a  given  output  is  considerably  reduced,  thereby  enabling  a  greater 
output  to  be  obtained  from  an  armature 
of  given  dimensions ;  and  (6)  that  the 
efficiency  is  slightly  higher. 

The  relation  between  the  armature 

heating  and  the  number  of  phases, 

for  a  given  size  of  armature  conductor 
and  a  given  output,  is  shown  by  the 
curves  of  Fig.  491.  These  curves  show 
also  the  eftect  of  the  power-factor  on 
the  heating. 

The  small  heating  in  polyphase  rotary 
converters  results  from  the  fact  that  the 
armature  conductors  carry  the  difference 
between  the  continuous  and  alternating  ^ 
currents.  The  resultant  ciuront  in  the  5 
armatiu-e  conductors,  corresponding  to 
a  given  output,  will  therefore  be  lower 
the  higher  the  power-factor. 

The  resultant  cmTcnt  is  not  distri- 
buted equally  among  the  armatiire  con- 
ductors, but  is  greatest  at  the  coils  from 
which  tappings  are  made  to  the  slip- 
rings,  this  variation  of  heating  b.^ing 
sho^vn  in  Fig.  492.*  It  will  be  observed 
that  the  local  heating  is  considerably  less 
with  a  six-phase  machine  than  with  a 
three-phase  machine. 

Voltage  Regulation.— The  voltage 

ratio  of  a  rotary  converter  is  practi- 
cally unaffected  by  changes  in  the  flux  f  (provided  that  the  wave- 
form of  the  flux  distribution  is  unaltered),  while  the  ratio  only  changes 
slightly  with  the  load.  For  traction  plants  it  is  desirable  in  some  cases 
for  the  voltage  to  increase  with  the  load,  in  order  to  compensate  for 
the  drop  in  the  continuous-current  feeders.  The  increase  in  voltage 
from  no  load  to  full  load  is  usually  10  per  cent,  of  the  no-load  voltage. 
With  rotary  converters  this  compounding  effect  is  usually  obtained 

*  With  a  given  eunnature  winding  and  a  given  output,  the  theoretical  ratios 
between  the  heating  of  the  winding  when  operated  as  a  six-phc^se  rotary  converter 
and  as  a  continuoua-current  generator  are  : 

Average  value  for  all  coils  (unity  power-factor)  0*27  :  1. 
Average  value  for  all  coils  (0*975  power-factor)  0*313  :  1. 
Ck>ils  connected  to  slip-rings  (unity  power-factor)  0*42  :  1. 
Coils  connected  to  slip-rings  (0*975  power-factor)  0*66  :  1. 

t  Changes  in  the  flux  will,  of  course,  affect  the  power-factor  and  alter  the 
current  input,  which  may  cause  a  slight  alteration  in  the  voltage  ratio,  due  to  the 
change  in  the  armature  ^R  losses. 


95% 
Power  Fbotor 


Fig.  491. — ^Variation  of  Armature 
Heating  with  Power-factor  and 
Number  of  Phases. 
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by  means  of  reactance  (in  the  alternating-current  side)  in  conjunction 
with  a  compound  winding  on  the  machine.  The  reactance  may  be  in- 
serted in  the  transformers  (as,  for  example,  by  increasing  the  magnetic 
leakage),  or  an  external  reactance  coil  (connected  between  the  trans- 
former and  slip-rings)  may  be  adopted.  The  object  of  the  compound 
winding  is  to  produce  automatically  a  variation  of  the  power-factor 
with  the  load.  For  instance,  if  the  shunt  excitation  is  adjusted  so  that 
the  machine  takes  a  lagging  current  at  no  load,  the  power-factor  will 
increase  as  the  load  increases  (due  to  the  increase  in  the  excitation). 
By  suitable  adjustment  of  the  field  rheostat  unity  power-factor  may  be 
obtained  at  full  load  ;  while  at  overloads  the  power-factor  will  decrease, 
and  a  leading  current  will  flow  into  the  machine.    This  variation  of 
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Fio.  492. — ^Variation  of  Heating  of  Armature  Conductors  with 
Number  of  Slip-rings  (m),  and  Position  of  Conductors 
Relative  to  Tappings. 

power-factor  will  alter  the  magnitude  of  the  voltage  at  the  slip-rings, 
due  to  the  variation  in  the  phase  of  the  voltage  drop  in  the  reactance 
coils. 

Thus,  in  Fig.  493,  the  E.M.F.  induced  in  the  secondary  winding  of 
the  transformer  (which  is  assumed  to  be  constant)  is  represented  by 
OE^  while  the  current  in  this  winding  is  represented  by  01.  The  voltage 
drop  due  to  the  reactance  in  the  circuit  is  represented  by  OX — flagging 
90  degrees  behind  01 — and  the  voltage  at  the  slip-rings  is  given  by 
OF.  The  variation  of  OV y  with  the  variation  in  the  magnitude  and 
phase  of  07,  is  apparent  from  an  inspection  of  the  diagrams. 

Adjustment  of  the  compounding  effect  can  be  obtained  by  shunting 
the  series  winding,  although  it  is  not  the  practice  to  alter  this  adjust- 
ment after  the  machine  has  been  installed. 

In  cases  where  regulation  of  the  voltage  is  required  without  altering 
the  power-factor,  it  is  necessary  to  adopt  other  methods,  such  as  an 
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induction  regulator,  a  sjmchronous  booster  (see  Fig.  499)>  or  divided 
poles.* 

Operating  Features  of  Rotary  Oonverters.— On  account  of  the 


Unity  Power- 
factor. 


Current 
Leading. 


Fig.  493. — ^Vector  Diagrams  illustrating  **  Compounding  "  of 

Rotary  Converter. 

small  resultant  current  in  the  armature  conductors  of  a  rotary  converter, 
the  armature  reaction  will  be  low,  and  the  machine  can  be  operated  with 
the  brushes  in  the  neutral  position.     Commutation  will  therefore  be 
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Fig.  494. — ^Relation  between  Speed  and  Output  of  Rotary  Con- 
verters. At  25-cycle  non-commutating-pole  machines;  B, 
25-cycle  commutating-pole  machines ;  C,  Z),  60-  and  60-cycle 
commutating-pole  machines.  Note. — Points  thus  [•]  refer 
to  American  machines,  other  points  refer  to  British 
machines. 

affected  principally  by  the  reactance  voltage  produced  in  the  coils  under- 
going commutation. 

The  provision  of  commutating  poles,  however,  will  enable  satisfactory 

*  For  detculs  of  these  methods  see  Tr<mscLct%on8  of  the  American  Inatitvie  of 
Electricdl  Engineerst  vol.  27,  pp.  181»  191,  959.  See  also  AUem(Uing  CurrerU 
Machinery,  p.  442. 
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com  mutation  to  be  obtained  at  heavy  overloads  nith  higher  vatuee  of 
the  "  apeeific  electric  loading  "  (i.e.  the  ampere-turns  per  unit  length 
of  armature  periphery)  than  would  be  permissible  in  machines  vithout 
commutating  poles.  Moreover,  machines  with  commutating  poles  can 
be  deigned  for  much  larger  outputs  per  pole  than  machines  without 


Fio.  496. — Portion  ot  Frame  of  B.T.-H.  Rotary  Converter, 
showing  Pole-face  Damping  ^^'i^ding  and  Commutating 
Poles. 

commutating  poles.  For  instance,  in  some  of  the  Chicago  sub-stations 
a  number  of  SSWO  kw.,  l6-pole,  rotary  converters  (without  commutating 
poles)  have  recently  been  replaced  by  4000  kw.,  18-pole,  machines  with 
commutating  poles,  the  same  foundations  being  used  in  each  case. 
The  4000  kw.  machines  are  rated  at  4000  kw.  continuously,  6000  kw. 
for  two  hours,  and  12,000  kiv.  momentarily. 

Co  mm  uta  ting-pole  rotary  converters  can  also  be  designed  tor  higher 
speeds  and  higher  voltages  than  machines  without  commutating  pofes. 

The  increBBC  in  speed  (which  has  been  rendered  possible  by  the  intro- 
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duction  of  commutating  poles)  has  enabled  machines  for  operating  on 
oirouits  of  60  and  60  frequency  to  be  built  in  large  Bizes.  For  example, 
60-oycle  machines  of  the  following  ratings  are  in  service  in  the  United 
Stat«B :  2500  kw.,  500  volta,  400  r.p.m. ;  •  1500  kw.,  600  volt*.  600 
r.p.m. ;  1000  kw.,  600  volte,  900  r.p.m. ;  300  kw.,  750  volta,  1200  r.p.m. 
The  relation  between  the  speed  and  rated  oatpnt  is  shown  better 
by  tbe  curves  of  Fig.  494,  Curve  A  refers  to  25-cycle  machines  (without 
commutating  poles),  built  in  1903-9 ;  curve  B  refers  to  25-cycle  machines 


Fio.  4ge.— B.T.-H.  leOO  kw.  Rotary  Converter  with  StaHing  Motor  and  Oscillator. 

(with  commutating  poles)  of  recent  manufacture  ;  while  curve  D  repre- 
sents the  latest  achievement  in  60-cycle  machines. 

The  curves  refer  principally  to  machines  of  American  manufacture, 

*  This  machins  haa  been  described  in  the  Electric  Journal  (vol.  II.  p.  C62)  in  an 
article,  by  Mr.  J.  L.  MoK.  Yordley,  on  "  High  Speed  Rotary  Converters  "  from 
which  the  following  pBrticulors  are  taken :  TliR  machine  is  rated  at.  SOOO  amperes, 
600  volts,  continuously,  with  a  temperature  rise  of  36°  C.  (commutator  40°  C.) 
the  overload  rating  bemg  T600  amperes.  GOO  volts,  for  two  hours.  The  peripheral 
speed  of  the  armature  is,  approximately,  040Q  ft.  per  minute,  and  that  of  the  com- 
mutator is  6600  ft.  per  minute. 

The  guaranteed  etiiciencies,  which  were  exceeded  on  test,  are  as  follows  : 
Percentage  of  full  load      ...         60  75  100  125 

Peroentage  efficiency  .      .      .      .       92-3         04-4        96-4  OSS 
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but  points  reUting  to  maohines  of  Britieh  manufacture  are  also  shou-n 
on  the  curve  sheet. 

Modern  rotary  converters  are  practically  free  from  BurgiDg  or  hunting, 
and  are  able  to  withstand  large  overloads  without  flashing  over.*  The 
elimination  of  hunting  is  obtained  by  the  adoption  of  efficient  damping 
devices  in  the  pole  shoes.  The  pole  shoes  of  the  main  poles  are  laminated, 
and  have  a  number  of  copper  rods  inserted  through  them  near  the  pole 
face,  the  ends  of  the  rods  being  expanded  into  copper  end-plates  or  rings, 
thus  forming  practically  a  squirrel-cage  winding.  With  commutating- 
pole  machines  the  end-rings  cannot  be  made  continuous,  since  in  this 
case  the  commutating  pole  would  be  surrounded  by  a  closed  circuit  of 


PiQ.  497.— Alternating-current  Side  of  B.T.-H.  Rotary  Converter. 

low  resistance,  the  effect  of  which  would  retard  the  growth  of  the  com- 
mutating flux.  An  illustration  of  the  damping  system  for  a  modem 
commutating-pole  rotary  converter  is  given  in  Fig.  495. 

Examples  of  Uodern  Rotarr  Converters. —Fig.  496  illustrates  a 
aix-phase  rotary  converter  (built  by  the  British  Thomson-Houston  Co.) 
of  the  type  which  has  recently  been  installed  in  a  number  of  sub-stations 
on  the  London  electric  railways  (including  the  London  and  South- Western 
Railway,  the  London  and  North-Western  Railway,  and  the  London 
a  with  rotary  converters  ore  given  in  a 


vol.  33,  p.  1621.  In  the  paper  it  is  shown  that  a  certain  SO-cycle,  TCO-voIt,  rotary 
converter  (without  commutating  poles)  waa  able  to  commutato  a  current  of  neariy 
ten  time*  the  normal  full-load  current,  although  the  machine  was  not  able  to  witfa- 
Btand  the  sudden  iwitchin^-olT  of  this  current. 
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Underground  Railways),  The  machine  illustrated  is  compound  wound 
for  (iOO/630  volts,  and  is  fitted  with  commutating  poles.  The  starting 
motor  is  shown  to  the  right  of  the  magnet  frame  of  the  rotary  converter, 
and  is  arranged  for  self-synchronising  the  latter,  as  described  later. 


Fia.  498. — Altomating-cuirent  Brush-gear  for  B.T.-H.  Rotary  Converter. 

The  projection  on  the  pedestal  bearing  at  the  commutator  end  is  a 
mechanical  device  *  (called  an  oscillator)  for  oscillating  the  armature 
in  a  longitudinal  direction.  This  device  is  fitted  in  order  to  reduce 
the  tendency  of  the  brushes  to  wear  grooves  in  the  commutator  and 
slip-rings. 

Fig.  497  is  typical  of  the  alternating-current  side  of  a  six-phase  rotary 
converter  without  starting  motor.  The  slip-rings,  the  alternating- 
current  brush  gear,  the  tappings  from  the  armature  winding  to  the  slip- 
rings,  and  the  connections  between  the  commutating-pole  spools  can  be 
clearly  seen. 

The  alternating-current  brush  gear  is  shown  in  detail  in  Fig.  498, 


eiO  ELECTRIC  TRACTION 

from  which  it  will  be  observed  that  the  top-pUte  carrying  the  epiinga 
can  be  swung  back  no  that  the  bruehee  can  be  easily  removed,  cleaned, 
or  replaced. 

The  machine  illiu^trated  in  i<^g.  4il7  in  equipped  with  a  ccDtrifugal 
speed -limiting  device  which  is  shown  Ktted  to  the  shaft  at  the  pedeetal 
healing.  This  device  is  arranged  to  trip  the  contijiuo  us -current  circuit- 
breaker  in  the  event  of  the  speed  exceeding  the  normal  by  15  per  cent. 
Under  normal  operating  conditions  the  device  is  inoperative,  since  the 
speed  is  held  to  the  normal  value  by  the  frequency  of  the  supply  circuit. 
If,  however,  the  alternating-current  circuit- breaker  should  open,  while 
the  machine  is  still  connected  to  the  continuous-current  bus-bars,  the 


speed  may  increase  unduly,  since  in  this  case  it  depends  only  on  the 
excitation  and  the  bus-bar  voltage. 

Fig.  499  illustrates  a  rotary  converter  fitted  with  a  aynchroDOUs 
booster  for  the  purpose  of  reguUiting  the  voltage.  The  booster  has  the 
same  number  of  poles  as  the  converter,  and  is  separately  excited,  the 
excitation  being  capable  of  adjustment  between  certain  positive  and 
negative  values.  The  armature  winding  of  the  booster  is  connected  in 
series  with  that  of  the  converter,  so  that  the  voltage  impressed  on  the 
latter  will  be  given  by  (slip-ring  voltage  ±  voltage  generated  in  booster 
winding).  The  variation  of  the  continue  us -current  voltage  can  there- 
fore bo  obtained  with  constant  voltage-  at  the  slip-rings  and  constant 
(unity)  power-factor.  Machines  of  this  type  are  used  when  a  combined 
lighting  and  traction  load  have  to  be  supplied  from  one  sub-station. 

In  Fig.  499  a  seven-bladed  double-throw  switch  is  shown  fixed  to 
the  magnet  frame  of  the  rotary  converter.     This  switch  is  coimect«d 
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to  the  shunt  tield  winding,  so  that  the  connections  between  individual 
spools  may  be  broken,  or  the  whole  field  winding  may  be  reversed  in 
relation  to  the  brush  leads  (see  Fig.  600).  The  switch  is  used  (in  the 
manner  described  below)  when  the  machine  is  started  up  from  the  alter- 
nating-current side. 

Methods  of  starting  Rotary  OonTerterB.~The  following  methods 
of  starting  are  available:  (1)  from  the  continuous -current  aide,  by 
operating  the  machine  as  a  continue  us -current  motor ;  (2)  from  the 
alternating-current  side,  by  supplying  the  armature  with  reduced  alter- 
nating voltage  ;  (3)  by  the  use  of  a  separate  starting  motor  ;  (4)  by  the 
use  of  a  separate  starting  motor,  of  the  induction  type,  connected  in 
series  with  the  slip-rings. 

The  first  method  requires  a  starting  switch  and  rheostat,  and  involves 


Fia.  COO. — Connect iona  tor  Six-phaBo  Rotary  Converter  started     ' 
from  Alternating -curront   Side.      Starting  operations:    (1) 
throw  switchee  A  and  B  -up  ";  (2)  throw  Hwitch  A  "down"; 
(3)  throw  switch  B  ••  down. 

synchronising  the  machine  on  the  alternating-current  side.  When  a 
number  of  machines  in  the  same  sub-station  are  equipped  for  this  method 
of  starting,  a  common  starting  panel  is  provided,  and  the  main  switches 
of  each  machine  are  of  the  double-throw  type,  so  that  any  machine  may 
be  connected  either  to  the  main  bus-bars  or  to  the  starting  bus-bars. 

The  second  method  requires  the  provision  of  tappings  on  the  trans- 
formers, and  a  field  break-up  switch  on  the  rotary  converter  (see  Fig. 
500),  but  it  eliminates  the  synchronising  of  the  machines.  The  con- 
nections for  this  method  are  shown  in  Fig.  500.  It  will  be  observed 
that  the  shunt  field  winding  is  divided  into  four  sections,  which  are 
connected  to  the  field  break-up  switch,  so  that  when  the  latter  is  open 
the  sectiotis  are  disconnected  from  one  another.  This  subdivision  of 
the  field  winding  is  necessary  at  starting  in  order  to  avoid  the  production 
of  high  voltages  in  the  field  winding,  due  to  transformer  action  from 
the  armature  winding. 

At  starting,  the  field  switch  is  opened,  and  the  olip-rings  are  con- 
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nected  to  the  lowest-voltajpre  tapping  (usually  one-thiid  of  nonnal  voltage) 
of  the  transformers.  The  starting  torque  is  obtained  from  the  inter- 
action of  the  armature  current  and  the  current  induced  in  the  damping 
grids  in  the  pole  faces,  the  action  being  similar  in  principle  to  that  in 
a  squirrel-cage  induction  motor.  The  field  switch  is  closed  as  the  machine 
reaches  synchronous  speed,  and  if  the  polarity  is  correct  the,  starting 
switches  are  transferred  to  full  voltage. 

On  account  of  the  starting  current  being  approximately  twice  the 
full-load  current,  the  residual  magnetism  in  the  magnet  frame  and  pole 
pieces  is  destroyed,  and  the  polarity  of  the  machine  will  depend  on  the 
polarity  at  the  moment  of  reaching  synchronism.  . 


Starting  Motor-^~!i^ 


Sp^eet  Limit 


Fio.  501. — Coiuiections  for  Six-phase  Self-synchronising 
Rotary  Converter  started  by  Induction  Motor. 
Starting  operations :  (1)  close  switch  X\  (2)  close 
switch  1 — after  machine  has  synchronised — when 
voltmeter  V  indicates  minimum  voltage  across 
steuting  motor. 


If  the  machine  builds-up  with  reversed  polarity  (as  indicated  by  the 
voltmeter  reading  in  the  wrong  direction),  the  armature  must  be  slipped 
through  a  pole-pitch  to  obtain  the  correct  polarity.*  This  process  of 
"  slipping  a  pole  "  is  usually  performed  by  means  of  a  reversing  switch 
in  the  field  circuit.  If,  with  the  switch  in  the  normal  ("  up  ")  position, 
the  machine  excites  with  reversed  polarity,  then  the  field  switch  is  thrown 
into  the  bottom  contacts,  and  changed  over  to  the  top  contacts  again 
when  the  machine  starts  to  build-up  in  the  right  direction  (as  indicated 
by  the  voltmeter).  When  this  method  of  starting  is  adopted  \iith  large 
commutating-pole  machines,  the  brushes  (with  the  exception  of  two 
brushes,  of  opposite  polarity,  for  exciting  purposes)  must  be  raised  from 

*  With  the  armature  running  in  synchronism  with  the  rotating  field,  the  latter 
is  stationary  with  respect  to  the  field  poles,  and  therefore  the  polarity  of  the  field 
magnets  can  only  be  changed  by  sUpping  the  armature  through  a  pole-piteh. 
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the  commutator  since  excessive  sparking  would  otherwise  occur,  due  to 
the  presence  of  the  unexcited  commutating  pole  in  the  neutral  zone. 
With  small  machines  it  is  only  necessary  to  short-circuit  the  commutating- 
pole  winding. 

The  third  method  of  starting — ^by  the  use  of  a  separate  motor — ^has 
been  largely  adopted  in  the  rotary  converter  sub-stations  in  this  country. 
The  starting  motor  is  usually  of  the  induction  type,  and  the  number 
of  poles  on  this  machine  must  be  a  pair  less  than  the  number  on  the 
rotary  converter.  The  rotary  converter  must  be  synchronised,  and  the 
adjustment  of  the  speed  for  synchronising  purposes  is  carried  out  either 
by  regulating  rheostats  in  the  rotor  circuit  of  the  induction  motor,  or, 
when  the  latter  has  a  squirrel-cage  rotor,  by  loading  the  rotary  con- 
verter on  rheostats. 

With  modem  machines  this  method  of  starting  has  been  superseded 
by  method  (4)  above,  in  which  the  stator  windings  of  the  induction  motor 
are  connected  in  series  with  the  armature  of  the  rotary  converter,  as 
indicated  in  "Pig.  501.  The  starting  motor  is  provided  with  a  squirrel- 
cage  rotor  of  high  resistance,  and  is  wound  for  a  fewer  number  of  poles 
than  the  rotary  converter,  as  in  the  preceding  method.  At  starting,  the 
full  secondary  voltage  of  the  transformers  is  switched  on  to  the  combina- 
tion, and  the  high  impedance  of  the  starting  motor  limits  the  current 
in  the  armature  of  the  rotary  converter  to  about  30  per  cent,  of  the  full 
load  current,  which  is  insiiiBficient  to  destroy  the  residual  magnetism. 
The  machine  reaches  synchronous  speed  in  about  40  seconds,  and,  with 
the  field  rheostat  properly  adjusted,  aidomatically  synchronises  itself.  The 
induction  motor  is  short-circuited  when  the  voltage  across  its  terminals 
is  a  minimum,  which  condition  can  be  obtained,  after  the  rotary  converter 
has  synchronised,  by  adjusting  the  field  rheostat.* 

With  this  method  of  starting  thefe  is  no  necessity  for  opening  the 
field  circuit,  as  the  machine  will  always  build-up  with  the  correct  polarity. 
Moreover,  the  whole  process  of  starting  is  much  simpler  than  that  of 
the  pi*eceding  methods. 

Oonverting  Machinery  for  High-voltage   Gontinuoos-CTirrent 

Railways. — ^Iti  cases  where  continuous  current  at  voltages  greater  than 
750  volts  is  required,  the  choice  of  the  converting  plant  will  be  influenced 
by  the  frequency  of  the  alternating-current  supply.  When  the  supply 
is  at  25  frequency,  a  single  rotary  converter  may  be  used  for  voltages 
up  to  1500  volts, t  and  two  machines  may  be  connected  in  series  for 
higher  voltages  (up  to  3000  volts).  When  the  supply  is  at  60  frequency, 
however,  it  is  necessary  to  use  two  (600  or  750  volt)  machines,  J  connected 
in  .series,  for  1200  or  1500  volts,  and  for  higher  voltages  motor-generators 
must  be  adopted. 

A  typical  motor-generator  set  (built  by  the  General  Electric  Co., 

♦  For  further  particulars  of  self-sjnichronising  (induction  motor  started)  rotary 
converters  see  Journal  of  the  Institution  of  Electrical  Engineers^  vol.  51,  p.  62.  Paper 
by  Dr.  E.  Rosenberg  on  "  Self-Sjmchronising  Machines." 

t  A  number  of  25-cycle  1500- volt  rotary  converters,  of  600,  1000,  and  2000  kw. 
capacity,  have  recently  been  built  by  Messrs.  Siemens  Bros.  Djmamo  Works 
(Stafford)  for  the  Sub-stations  of  the  Victorian  Railwa}^,  Australia. 

J  The  two  machines  may  be  mounted  on  a  single  bedplate  with  three  bearings — 
the  centre  bearing  being  common  to  both  machines — thus  providing  a  compact  set. 
See  Transaxiions  of  the  American  Institute  of  Electrical  Engineers,  vol.  33.*Plate  120, 
Fig.  10.     Also  The  Electric  Journal,  vol.  12,  p.  154. 
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Schenectady)  for  2400-volt  railway  service  ia  illustrated  in  Fig.  502. 
This  Bet  consists  of  a  60-ijycle,  10-pole  synchronous  motor,  direct-coupled 
to  two  1200- volt,  4-poIe,  compound  wound,  continuous -current  generators. 


each  generator  being  provided  with  commutating  polcB  and  compensating 
winding.  The  generators  are  connected  in  series,  and  the  aeries  wind- 
ings are  connected  on  the  grounded  side  of  the  system,  while  the  shunt 
field   windings  are  separately  excited   from  a    125-voIt  circuit.    The 
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illustration  (Fig.  502)  refers  to  one  of  the  sets  in  service  on  the  Butte- 
Anaconda  Railway,  and  these  sets  have  been  designed  with  a  large  over- 
load capacity.  For  Instance,  each  generator  will  carry  60  per  cent, 
overload  for  two  hours,  and  three  times  normal  load  momentarily. 
Similar  sets,  of  large  capacity,  are  being  built  for  other  high-voltage 
continuous-current  railways.* 

Capacity  of  the   Sub-station  Plant.— The  load  on  a   traction 

sub-station  is  of  a  totally  different  character  from  that  on  a  sub-station 
supplying  lighting  and  power.  In  the  latter  case,  the  load  is  practically 
steady ;  while  the  peak  loads  occur  at  definite  times  each  day,  and  remain 
constant  for  a  certain  period.  But  in  the  former  case  the  load  is  con- 
tinually fluctuating,  and  a  large  peak  load  may  occur  quite  unexpectedly, 
due  to  short-circuits  or  the  "  bunching  "  of  cars  or  trains  on  the  portion 
of  the  system  being  supplied  from  a  particular  sub-station.  It  is  apparent 
that  the  individual  units  in  the  sub-station  must  be  capable  of  operating 
under  the  latter  conditions,  but  from  an  economical  point  of  view  the 
capacity  of  the  plant  installed  should  be  no  more  than  is  sufficient  to 
meet  the  average  demand,  with  a  reasonable  allowance  of  spare  machines 
for  service  in  case  of  breakdowns  or  other  contingencies.  The  overload 
capacity  of  the  plant  is  therefore  an  important  consideration,  and  this 
factor  increases  in  importance  as  the  number  of  sub-stations  is  reduced, 
assuming  the  external  traffic  to  remain  constant. 

The  size  of  the  plant-unit  and  the  number  of  units  to  be  installed 
in  each  sub-station  is  decided  from  considerations  of  the  traffic.  Obvi- 
ously the  machines  running  under  the  various  conditions  of  traffic  should 
be,  as  far  as  possible,  fully  loaded.  But  the  use  of  a  number  of  machines 
of  different  sizes  is  to  be  avoided,  since  this  results  in  a  variety  of  spare 
parts  (such  as  brushes,  sx>are  coiLs,  &c.)  being  required,  and  does  not 
facilitate  the  temporary  interchange  of  machines  between  sub-stations 
(such  as  may  be  necessary  in  cases  of  breakdowns).  Thus,  on  the  larger 
traction  systems  in  this  country,  we  find  that  only  a  few  sizes  of  plant 
are  installed  in  the  sub-stations.  For  example,  on  the  Central  London 
Railway  one  size  (900  kw.)  of  rotary  converter  has  been  iastalled  through- 
out, while  on  the  London  Underground  Electric  Railways — on  which 
system  nearly  a  hundred  rotary  converters  are  installed — ^the  machines 
are  of  three  sizes,  viz.  800,  1200,  and  1500  kw. 

Again,  the  majority  of  the  sub-stations  on  the  London  County  Council 
Tramways  (of  which  there  are  a  total  of  24)  are  provided  with  motor- 
generators  of  a  uniform  size,  viz.  500  kw.  Although  the  individual  sets 
have  been  manufactured  by  several  firms,  the  bedplates  and  foundation 
bolts  are  of  one  standard  size.f  The  more  recent  sub-stations  in  the 
central  districts  of  the  tramway  system  have  been  equipped  with  rotary 
converters  of  1500  kw.  capacity. 

Sub-Station  Plant  additional  to  Converting  Machinery.— When 

the  converting  machinery  consists  of  rotary  converters,  static  trans- 

•  Hiffh-volta^  continuous-current  generators,  for  voltages  up  to  6000  volts 
in  a  sin^e  machuie,  have  been  built  in  this  country  by  Messrs.  Dick,  Kerr  &  Co., 
Preston.  A  600-kw.  motor-generator  set,  with  a  3760-volt  generator,  has  been 
installed  by  this  firm  in  the  sub-station  supplying  the  experimental  (Bury-Holcombe 
Brook)  line  of  the  Lancashire  and  Yorkshire  Railway. 

t  See  a  paper  by  Mr.  J.  H.  Rider  on  "  The  Electrical  Sjrstem  of  the  London 
County  Council  Tramways  "  {Journal  of  the  Institution  of  Electrical  Engineers,  vol.  43. 
p.  235). 
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formers  are  required  for  the  purpose  ot  aupplying  a  suitable  voltage 
to  the  slip-rings.  The  transformers  may  be  of  the  self-cooled  type,  or 
of  the  forced  ventilated  (air-blast)  type.  In  the  latter  case  auxiliary 
plant — e.g.  raotor-driven  blowers — is  required,  while  air  ducts  must  be 
provided  for  the  conveyance  of  the  air  from  the  blowers  to  the  respective 
transformers.     In  some  cases  air  filters  will  also  be  required. 

Of  the  two  types  of  transformers,  the  air-blast  type  is  the  lighter, 
and  occupies  the  smaller  space ;  but  these  advantages  are  counter- 
balanced by  the  disadvantages  of  the  additional  ventilating  plant  re- 
quired with  these  transformers. 

The  transformers  may  be  located  on  the  same  floor  as  the  rotary 
converters,  in  a  basement,  or  on  a  gallery,  the  latter  location  being 
generally   adopted    for   air-blast   transformers. 
'  Examples  of  sub-stations  showing  the  location 
of  the  plant,  &c.,  are  given  below. 
I  -         In  sub-stations  supplying  overhead  tramways 
J    it  may  be  necessary  to  instal  nejfatlve  boosters, 
r^    the  purpose  of  which  is  to  maintain  the  voltage 
I?    drop  in   the    track   raib  within   the  Board   of 
I*    Trade  limit  (see  Board  of  Trade   Regulations, 
p.  635).    The  uses  of  negative  boosters  are  dis- 
cussed in  Chapter  XXVT. 


nit"wBii-i 


Switchgear. — ^The  awitchgear  required  in  a 
sub-station  containing  converting  machinery 
will  include  (a)  switchgear  for  dealing  with 
the  high-tension  incoming  and  interconnecting 
feeders,  {b)  switchgear  for  controlling  the  con- 
verting machinery,  (c)  switchgear  for  controlling 
the  distribution  of  the  continuous  current  to  the 
low-tension  system.  Since  the  switchgear  for 
items  (a)  and  (6)  does  not  present  any  special 
^Connectio™  fOT*]fcMd  ^«*t"'*8  for  traction  service,  we  shall  only  con- 
of  Trade  Panel.  sider  the  switchgear  required  for  the  low-tension 

distributing  system. 
In  the  case  of  sub-stations  c^upplying  OTerhead  tramways,  this 
switchgear  will  include  (1)  line,  or  positive,  feeder  panels ;  (2)  track,  or 
negative,  feeder  panels  ;   (3)  Board  of  Trade  panel  for  testing  purposes. 

The  line  (positive)  feeder  panels  are  generally  equipped  with  an  auto- 
matic overload  circuit-breaker,  an  ammeter,  and  a  single-pole  switch. 

The  equipment  of  the  track  (negative)  feeder  panels  varies  according 
to  circumstances.  In  cases  where  negative  boosters  and  a  number  of 
track  feeders  are  installed,  switchgear  is  usually  provided  in  the  form 
ot  vertical  and  horizontal  bars  with  connecting  plugs,  to  enable  any 
track  feeder  to  be  connected  to  any  booster  (see  Fig.  508).  The  line 
feeders  and  the  (series)  field  windings  of  the  boosters  are  arranged  in  a 
similar  manner,  so  that  the  line  feeder  corresponding  to  a  piven  track 
feeder  may  be  connected  in  series  with  the  field  n-inding  of  the  booster 
to  which  the  track  feeder  is  connected. 

The  Board  of  Trade  panel  is  equipped  with  the  necessary  instruments 
and  switches  to  comply  with  the  Board  of  Trade  Regulations  (see 
Appendix  I,  p.  633),    The  instruments]  comprise  (1)  a  recording  volt- 
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meter — ^raoge  0-10  Tolts  ;  (2)  a  double-range  indicating  ammeter — ranges 
0-6  "06  amperes,  0-5  amperes. 

The  former  instrmnent  is  required  for  the  purpose  of  recording  the 
potential  difference  between  certain  points  in  the  rails  (see  Regulations, 
p.  635),  while  the  latter  instrument  is  required  for  the  purpose  of  measur- 
ing the  leakage  current  (see  Regulations,  p.  635)  and  for  testing  the 
conductivity  between  the  earth  plates  (see 
Regulations,  p.  634). 

The  connection  of  the  instruments  to 
the  various  circuits  is  accomplished  by 
means  of  multi-contact  and  change-over 
switches,  the  general  scheme  of  connec- 
tions being  shown  in  Pig.  503.  It  should 
be  observed  that,  when  the  change-over 
switch  X  is  thrown  over  to  the  right,  the 
higher  (0-5  ampere)  range  of  the  ammeter 
is  connected  in  series  with  a  four-volt  stor- 
age battery  to  one  of  the  earth  plates, 
while  the  other  earth  plate  is  connected  to 
the  other  pole  of  the  oattery.  When  the 
switch  is  thrown  over  to  the  left,  the  lower 
(0-0  "06  ampere)  range  of  the  ammeter  is 
connected  to  the  multi-contact  switch  Y, 
which  is  connected  to  the  line  feeders. 

In  some  cases  it  is  necessary  to  provide 
a  recording  ammeter — range  0-20  amperes 
— for  the  purpose  of  complying  with  Regu- 
lation 5  (p.  634),  which  refers  to  the  current 
returning  to  the  negative  bus-bar  vid  the 
earth  plates.  In  recent  installations  the 
alternative  instrument — ^viz.  a  maximum 
demand  indicator — ^allowed  by  the  Board 
of  Trade  is  generally  adopted  and  is  located 
in  the  feeder  pillars  (see  p.  582). 

The  switchgear  required  for  conduit 
tramways  differs,  in  many  respects,  from 
that  for  overhead  tramways.  In  the  first 
place,  for  each  positive  feeder  a  corre- 
sponding negative  feeder  is  provided,  the 
positive  and  negative  feeders  being  con- 
nected respectively  to  the  two  conductor 
rails  in  the  conduit. 

Secondly,  provision  must  be  made  for 
detecting  the  nature  of  faults,  which  may  occur  on  the  cars  or  in  the 
conduits.  Each  feeder  panel  is  therefore  equipped  with  a  double-pole 
reversing  switch,  two  ammeters,  and  a  single-pole  overload  circuit- 
breaker,  as  represented  in  Fig.  504. 

On  the  London  County  Gpuncil  tramway  system  the  switches  on  the 
conduit  feeder  panels  are  of  special  construction,  the  top  and  bottom 
main  contacts  being  fitted  with  auxiliary  contacts  (see  Fig.  505),  which 
are  insulated  from  the  main  contacts  and  are  connected  to  a  special  pair 
of  bus-bars  (called  the  testing  bus-bars).    The  testing  bus-bars  may  be 


Fig.  604. — Feeder  Panel  for 
Conduit  Tramways. 
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connected  to  the  main  bua-bara  through  metallic  resistance!^  (having  a 
total  resistance  of  approximately  5  ohms),  circuit-breakere,  and  am- 
meters (see  Fig.  506),  the  instruments  and  circuit -breakers  being  located 
on  a  special  panel — the  test  panel — fixed  at  right  angles  to  tbw  feeder 
panels.  This  test  panel  is  also  equipped  with  the  instruments  for  carry- 
ing out  the  Board  of  Trade  tests  (see  Regulations,  p.  636).  The  circuit- 
breakers  on  the  test  panel  are  operated  from  a  shaft  running  the  length 


Fio.  606. — Detail  o(  Change-over  Feeder  Switch. 

of  the  feeder  panels,  this  shaft  being  shoim  in  Fig.  504,  just  above  the 
ammeters. 

The  negative  bus-bar  of  the  sub-station  is  connected  to  earth  through 
a  recording  ammeter  and  a  Uquid  rheostat  (see  Fig,  506),  the  latter  being 
usually  kept  at  about  1  ohm.  ■ 

The  upper  portion  of  the  test  pane)  carries  four  groups  of  incan- 
descent lamps,  the  upper  groups  being  connected  between  the  testing 
buB-bars  and  earth,  and  the  lower  groups  being  connected  between  the 
main  bus-bars  and  earth. 
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On  account  of  the 
negative  bus-bar  being 
earthed,all positive  faults 
are  shown  by  the  open- 
ing of  the  circuit-breaker 
on  the  feeder  panel,  and 
by  the  change  in  the 
brightness  of  the  lamps 
on  the  test  panel, 
r  In  the  event  of  the 
circuit -breaker  on  the 
feeder  panel  opening  (due 
to  a  positive  fault,  or  a 
fault  between  the  con- 
ductor rails),  the  switch 
on  the  feeder  panel  is 
withdrawn  into  the  auxi- 
liary contacts,  and  the 
circuit-breakers  on  the 
test  panel  are  closed. 
The  magnitude  of  the 
fault  is  then  shown  by 
the  indications  of  the 
instruments  on  the  test 
panel.  If  the  fault  should 
be  a  bad  one,  the  switch 
on  the  feeder  panel  is 
thrown  to  the  lower 
auxiliary  contacts,  which 
enables  the  character  of 
the  fault  to  be  ascer- 
tained. For  instance,  a 
short-circuit  between  the 
conductor  rails  would  be 
shown  as  a  bad  fault  in 
eachposition  of  the  feeder 
switch,  but  a  positive 
fault  would  be  shown  as 
"clear"  when  the  switch 
was  placed  in  the  lower 
auxiliary  contacts. 

A  short-circuit  between 
the  conductor  rails  would, 
of  course,  necessitate  a 
visit  to  the  faulty  section 
of  the  track,  but  with  a 
positive  fault  the  service 
can  be  maintained  by 
temporarily  reversing  the 
polarity  of  the  conductor 
rails  of  the  section  on 
which  the  fault  has  oc- 
curred (e.g,  by  placing  the  feeder  switch  in  the  lower  main  contacts). 


FiQ.  506. — Connections  of  Test  Panel  (London 
County  Council  Conduit  Tramways). 
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In  these  circumstances  the  resistance  in  the  negative  bus-bar  earth 
connection  would  be  increased,  so  as  to  limit  the  current  returning  to 
the  station  vid  earth. 

Negative  faults  are  shown  by  the  diiference  in  the  indications  of  the 
two  ammeters  on  the  feeder  panels.  In  order  to  locate  a  car  which 
has  a  negative  fault,  the  polarity  of  one  section  of  the  track  is  reversed, 
and  as  the  car  enters  that  section  the  fault  is  transferred  to  the  positive 
side,  thereby  opening  the  feeder  circuit-breaker. 

The  leakage  tests  (see  Regulations,  p.  636)  are  carried  out  by  placing 
the  feeder  switches — one  at  a  time — ^in  the  auxiliary  contacts,  and  noting 
the  indications  on  the  ammeters  on  the  test  panel,  the  two  multi-scale 
ammeters  (8ho\^Ti  in  Fig.  506)  being  provided  with  a  suitable  range  for 
this  purpose. 


The  switchgear  for  sub-stations  supplying  continuoaB-CUrreilt 

ways  usually  follows  the  general  lines  of  that  (outlined  above)  for  over- 
head tramways,  except  that,  as  no  negative  boosters  are  adopted,  only 
panels  for  the  conductor-rail  feeders  are  required.  In  the  case  of  rail- 
ways on  which  positive  and  negative  conductor  rails  are  adopted,  the 
feeder  panels  for  each  section  are  equipped  with  two  single-pole  circuit- 
breakers,  two  single-pole  switches,  and  an  ammeter. 

Tn  the  case  of  railways  in  which  the  track  rails  are  used  as  the  return, 
the  positive  feeder  panels  are  equipped  with  a  single-pole  circuit-breaker, 
a  switch,  and  an  ammeter.  The  negative  feeders  from  the  track  rails 
are  generally  connected  directly  to  the  negative  bus-bar.  A  Board  of 
Trade  panel  (with  a  recording  voltmeter  for  the  rail  drop)  is  required. 

ExAAiPLES  OP  Traction  Sub-stations 

A  few  illustrations  of  typical  tramway  and  railway  sub-stations  are 
given  in  Figs.  607  to  618. 

Fig.  607  refers  to  one  of  the  sub-stations  of  the  Leeds  Tramways. 
The  sub-station  is  equipped  with  three  326  kw.,  three-phase,  626/676 
volt,  25-cycle  rotary  converters  (with  ball  bearings),  and  one  motor- 
driven  negative  booster.  The  transformers  are  of  the  three-phase  oil- 
cooled  type,  and  are  located  in  the  basement.  The  sub-station  floor 
above  the  transformers  consists  of  chequer  plates,  so  that  the  trans- 
formers can  be  readily  handled  by  the  crane. 

The  rotary  converters  are  arranged  for  starting  from  the  alternating- 
current  side,  the  starting  panels  being  located  immediately  in  front  of 
each  rotary  converter,  as  shown  in  Fig.  607.  The  two  double-pole  double- 
throw  switches  on  the  upper  portion  of  the  starting  panel  connect  two 
of  the  slip-rings  to  tappings  on  two  of  the  transformers,  the  third 
slip-ring  being  connected  directly  to  the  transformers.  Below  these 
switches  is  the  field  switch,  and  on  the  sub-panel  is  fitted  a  single-x)ole 
switch  for  short-circuiting  the  series  field  winding.  The  small  instru- 
ment above  the  starting  switches  is  a  polarity  indicator. 

Fig.  608  illustrates  a  sub-station  of  the  QlasgOW  TramwajTS.  In 
this  sub-station  the  transformers  and  high-tension  alternating-current 
switchgear  are  located  in  an  adjoining  room,  the  oil -switches  being 
electrically  controlled  from  a  desk-type  control  board  located  in  the 
centre  of  the  sub-station.  Each  of  the  rotary  converters  is  provided 
with  a  starting  motor  and  a  negative  booster. 
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The  continuous-current  switchgear  is  shown  on  the  right-hand  side 
of  the  aub-station.  In  the  foreground  there  are  five  panels  controlling 
the  line  {positive)  feeders,  three  feeders  being  controlled  by  each  paneh 
The  switches  are  of  the  double-throw  pattern.  The  lower  contacts  of 
these  switches  are  connected  to  the  vertical  plug-bars  on  the  sub-panels, 
and  on  the  back  of  the  board  there  are  four  horizontal  bars  which  are 
each  connected,  through  suitable  switches,  to  one  end  of  the  field  wind- 
ings of  the  boosters,  the  other  ends  of  the  field  windi^s  being  connected 
to  the  positive  bus-bar  through  suitable  switches,  "uxe  upper  contacts 
of  the  feeder  switches  are  connected  directly  to  the  positive  bus-bar. 


Thus  any  feeder  or  a  group  of  feeders  may  be  connected  so  as  to  excite 
any  of  the  negative  boosters. 

The  switches  controlling  the  boosters  are  adjacent  to  the  feeder 
panels.  The  upper  row  of  switches  control  the  field  windings,  and  the 
lower  row  of  switches  control  the  armatures,  one  switch  connecting  the 
positive  brush  to  the  negative  bus-bar,  and  the  other  switch  connecting 
the  negative  brush  to  the  vertical  piug-bar  on  the  sub-panel.  The  hori- 
zontal plug-bars  extend  along  the  back  of  the  board  to  the  track-feedtr 
panels,  which  are  located  at  the  far  end  of  the  board,  adjacent  to  the 
Board  of  Trade  panel.  Each  track  feeder  is  connected,  through  a 
switch  and  an  ammeter,  to  a  vertical  plug-bar,  bo  that  any  track  feeder 
may  be  connected  to  any  booster.  Between  the  booster  panels  and  the 
track-feeder  panels  arc  located  the  panels  controlling  the  continuous- 
current  sides  of  the  rotary  converters,  these  panels  being  distinguished 
by  the  field  rheostats  on  the  sub-panels. 


ELECTRIC  TRACTION 


CONVERTING  MACHINERY  AND  SWITCHGEAR     623 


Fia.  509. — liit«rior  of  Sub-station  on  District  Railway,  Londoa. 
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Fig.  509  illustrates  a.  typical  sub-station  of  the  London  Undergroimd 
Electric  Kailways  (Metropolitan  District  Railway).  In  these  sub- 
stations the  rotary  converters  are  provided  with  starting  motors,  while 
the  transformers  are  of  the  air-blaat  type,  and  are  mounted  on  a  gallery 
above  the  switchboard  (see  Fig.  510),  the  ventilating  trunk  being  carried 
immediately  under  the  gallery.  The  high-tension  oil-switches  for  the 
transformers  and  feeders  are  located  in  brick  compartments  behind 
the  switchboard,  the  switches  being  mechanically  operated  by  levers 
of  the  railway -signal  type.  • 


Fid.  SII. — Interior  ot  Sub-station  on  Metropolitan  Railway,  London. 

The  low-tension  switchboard  is  located  on  the  same  floor  as  the 
lotary  converters.  The  panels  in  the  foreground  of  Fig.  509  control 
the  positive  and  negative  conductor-rail  feeders.  Adjacent  to  these 
are  the  (three)  panels  controlling  the  continuous -current  sides  of  the 
rotary  converters,  these  panels  being  distinguished  by  the  field  rheostats 
on  tho  sub-panels.  Next  follow  the  panels  controlling  the  low-tension 
nltematin (I -current  sides  of  the  rotary  converters,  with  the  switches 
controlling  the  starting  motors  of  the  rotary  converters  located  on  the 
sub-panels.  The  panels  at  the  far  end  of  the  switchboard  comprise  an 
instrument  panel  for  the  high-tension  aiternating-cnrrent  feeders,  and  a 
panel  for  controlling  the  lighting  circuits  (which  ale  suppUed  with 
alternating  current). 
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The  equaiifier  switches  for  the  rotary  converters  are  mounted  on 
pedestals  located  near  the  machines. 

A  sub-station  on  the  Metropolitan  Railway  (London)  is  illustrated 
in  Fig.  511.  In  this  suh-slation  the  transformers  are  of  the  oil-cooled 
single-phase  type,  and  ar«  located  in  a  specially  ventilated  chamber 
adjacent  to  the  rotary  converters.  The  ceiling  of  this  chamber  forms  the 
floor  of  the  switchboard  gallery,  and  manholes  are  provided  so  that  the 
transformers  can  be  handled  by  a  crane.  The  oil-switches  are  mechani- 
cally operated  by  levers,  and  are  located  in  a  chamber  at  the  back  of  the 
transformers.  With  the  exception  of  the  transformers  and  their  location, 
the  equipment  of  these  sub-stations  id  similar  to  that  of  the  majority 
of  the  suD-stations  on  the  Metropolitan  District  Railway. 

Views  of  two  of  the  sub-stations  on  the  London  and  South-Westeni 


Railway  arc  shown  in  Figs.  512  and  513,  the  former  illustration  being 
r«;presentative  of  the  majority  of  the  sub-stations.  The  rotary  converters 
are  of  the  six-phase  self-synchronising  type,  and  are  rated  at  1500  kw., 
600/630  volts,  300  r.p.m.,  25  cycles.  Each  machine  is  supplied  through 
three  single-phase  oil-cooled  transformers,  which  are  located  on  a  rused 
portion  of  the  iloor  adjacent  to  the  machines  (see  Fig.  513).  The  low- 
tension  connections  on  both  sides  of  the  machines  consist  of  bare  copper 
strip. 

The  switchboard  for  controlling  the  machines  and  the  conductor-rail 
feeders  is  shown  in  Fig.  514,  while  the  high-tension  switchgear  is  shown 
in  Fig.  515.  Referring  to  Fig.  514,  the  firat  group  of  four  panels  control 
the  conductor  rail  (positive)  feeders,  and  the  remaining  three  panels 
control  the  rotary  converters.  Due  to  these  machines  being  of  the  self- 
synchronising  type,  the  alternating-current  switchgear  controlling  them 
only  consists  of  (1)  remote  controlled  oil-switches  for  the  high-tension 
side  of  the  transformers,  (2)  short-circuiting  switches  for  the  starting 
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motors.  The  uhort-ciruuiting  awitchet)  are  located  on  the  machines 
(see  Fig.  513),  while  the  levers  for  operating  the  oil-switches  are  mounted 
on  the  switchhoard  with  the  continuous-current  switch^ar.  The  in- 
struments on  each   machine  panel  include  a  main  continuous-current 


ammeter,  a  Held  ammeter,  an  alternating-current  ammeter,  and  a  jiowcr- 
f actor  indicator. 

The  oil-switches  cuntrulUug  the  traiiMformers,  together  with  thow 
controlling  the  high-tension  feeders,  are  located  in  compartments  of 
moulded  stone  arranged  on  a  gallery,  as  shown  in  Fig.  515.  In  thif, 
illustration  the  bus-bar  compartmentB  are  also  shown. 

The  equipment  of  snb-statioDS  snpplyiiiff  high-Tolta|re  continnoos- 

COrrent  railways  differs  from  that  ol  thi-  u,l»ovc  sub-stnlionB  principally 
in  the  eoiitinuoiiw^urrent  switchboard,  and,  in  some  cases,  the  converting 

plant.    On  the  Lancashire  and  Yorkshire  Railway,  Mjunchestcr-Burv 
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0200-volt)  section,  the  converting  machincrj'  consistB  of  six-phaac  self- 
synchronising  rotary  convert«rs  rated  at  JOOO/1250  kw,,  1200  volts, 
300  r.p.m.,  25  cycles.     Each  machine  is  supplied  through  three  single- 


11 

I 
I 


phase  oil-cooled  transformers,  which  are  locate<l  adjacent  to  the  machines, 
on  the  same  floor  level. 

Views  of  a  typical  sub-station  on  this  railway  are  shown  in  Figs, 
516.  517. 

The  continuous -current  switchboard  (built  by  the  British  Thomson- 
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Houston  Co.)  is  designed  so  that  all  1200- volt  apparatus  occupies  the 
upper  portion  of  the  board,  the  switches  and  circuit-breakers  being 
operate  by  means  of  insulated  levers. 

A  view  of  a  2400-yolt  switchboard  manufactured  by  the  General 
Electric  Co. ,  Schenectady,  is  shown  in  Fig.  61 8.  In  this  view  the  switches, 
circuit-breakers,  and  instruments  are  shown  in  detail.  The  four  panels 
on  the  right  control  2400-volt  feeders  for  the  trolley-wires.  Each  of  these 
panels  is  equipped  \idth  an  ammeter  (with  a  shielded  case),  a  single-XK>le 
switch,  and  an  automatic  overload  circuit-breaker.  The  switches  and 
circuit-breakers  are  located  at  the  top  of  the  board  on  separate  panels, 
and  are  operated  by  means  of  insulated  levers.  The  circuit-breakers 
are  provided  with  a  magnetic  blow-out  and  special  arc  chute. 

The  panels  adjacent  to  the  feeder  panels  control  the  continuous- 
current  sides  of  two  synchronous  motor-generator  sets,  one  of  the  sets 
being  illustrated  in  Fig.  502.  The  remaining  panels  control  the  syn- 
chronous motors  of  these  sets  and  the  exciter,  while  the  extreme  end 
panel  is  equipped  with  integrating  wattmet-ers  and  a  Tirrill  automatic 
voltage  regulator. 


APPENDIX   I 

REGULATIONS  made  by  the  Board  of  Trade  under  the  provisions  of 
Special  Tramways  Acts  or  Light  Raelway  Orders  authorising 
Lines  on  Public  Roads  ;  for  regulating  the  use  of  Electrical 
Power  ;  for  preventing  fusion  or  injurious  electrolytic  action 
OF  OR  ON  Gas  or  Water  Pipes  or  other  metallic  pipes,  structures, 

OR  SUBSTANCES  ;  AND  FOR  MINIMISING  AS  FAR  AS  IS  REASONABLY  PRAC- 
TICABLE injurious  INTERFERENCE  WITH  THE  ELECTRIC  WiRES,  LiNES, 
AND  APPARATUS  OF  PARTIES  OTHER  THAN  THE  COMPANY,  AND  THE 
CURRENTS  THEREIN,  WHETHER  SUCH  LINES  DO  OR  DO  NOT  USE  THE 
EARTH   AS   A   RETURN. 

First  made,  March  1894.     Revised,  April  1903. 
Further  revised,  September  1912. 

DefinUions 

In  the  following  regulations — 

The  expression  *'  energy  "  means  electrical  energy. 

The  expression  **  generator  "  means  the  dynamo  or  d3mamoR  or  other 

electrical  appeu*atus  \ised  for  the  generation  of  energy. 
The  expression  "  motor  "  means  any  electric  motor  carried  on  a  car  and 

used  for  the  conversion  of  energy. 
The  expression  '*  pipe  "  means  any  gas  or  water  pipe  or  other  metallic 

pipe,  structure,  or  substcuice.  ' 

The  expression  "  wire  "  means  any  wire  or  apparatus  used  for  telegraphic, 

telephonic,  electrical  signalling,  or  other  similar  purposes. 
The   expression    "  current  **   means   an   electric   ciurent  exceeding  one- 

thousandth  peurt  of  one  ampere. 

The  expression  "  the  Companv  "  has  the  same  meaning  as  in  the 

Tramways  Act  [Light  Railways  Order]. 

Regulations 

1.  Any  dynamo  used  as  a  generator  shall  be  of  such  pattern  and  con- 
struction as  to  be  capable  of  producing  a  continuous  current  without 
appreciable  pulsation.* 

2.  One  of  the  two  conductors  used  for  transmitting  energy  from  the 
generator  to  the  motors  shall  be  in  every  case  insulated  from  earth,  and  is 
hereinafter  referred  to  as  the  "  line  "  ;  the  other  may  be  insulated  through- 
out, or  may  be  uninsulated  in  such  parts  and  to  such  extent  as  is  provided 
in  the  following  regulations,  suid  is  hereinafter  referred  to  as  the  **  return." 

3.  Where  any  rails  on  which  cars  run  or  any  conductors  laid  between  or 
within  three  feet  of  such  rails  form  any  part  of  a  return,  such  part  may  be 
uninsulated.     All  other  returns  or  parts  of  a  return  shall  be  insulated,  unless 

*  The  Board  of  Trade  will  be  prepared  to  consider  the  issue  of  regulations  for 
the  use  of  alternating  currents  for  electrical  traction  on  application. 
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of  such  sectional  area  as  will  reduce  the  difference  of  potential  between  the 
ends  of  the  uninsulated  portion  of  the  return  below  the  limit  laid  down  in 
Kegulation  7. 

4.  When  any  uninsulated  conductor  laid  between  or  within  three  feet 
of  the  rails  forms  any  part  of  a  return,  it  shall  be  electrically  connected  to 
the  rails  at  distances  apart  not  exceeding  100  feet  by  means  of  copper  strips 
having  a  sectional  area  of  at  least  one-si^i^eenth  of  a  square  inch,  or  by  other 
means  of  ^qual  conductivity. 

5.  (a)  When  any  part  of  a  return  is  uninsulated  it  shall  be  connected 
with  the  negative  terminal  of  the  generator,  and  in  such  case  the  negative 
terminal  of  the  generator  shall  also  be  directly  connected,  through  the 
currant-indicator  hereinafter  mentioned,  to  two  separate  earth  connections 
which  shall  be  pleased  not  less  than  20  yards  apart. 

(h)  The  earth  connections  referred  to  in  this  regulation  sh^ll  be  con- 
structed, laid,  and  maintained  so  as  to  secure  electrical  contact  with  the 
general  mass  of  earth,  and  so  that,  if  possible,  an  electro -motive  force,  not 
exceeding  four  volts,  shall  suffice  to  produce  a  current  of  at  least  two  amperes 
from  one  earth  connection  to  the  other  through  the  earth,  and  a  test  shall  be 
made  once  in  every  month  to  ascertain  whether  this  requirement  is  complied 
with. 

(c)  Provided  that  in  plcice  of  such  two  earth  connections  the  Company 
may  make  one  connection  to  a  main  for  water  supply  of  not  less  than  three 
inches  internal  diameter,  with  the  consent  of  the  owner  thereof  and  of  the 
person  supplying  the  water,  and  provided  that  where,  from  the  nature  of 
the  soil  or  for  other  reasons,  the  Company  can  show  to  thr^  satisfaction  of 
the  Boeurd  of  Trade  that  the  earth  connections  herein  specified  cannot  be 
constructed  and  maintained  without  undue  expense,  the  provisions  of  this 
regulation  shall  not  apply. 

(d)  No  portion  of  either  earth  connection  shall  be  placed  within  six  feet 
of  any  pipe  except  a  main  for  water  supply  of  not  less  than  three  inches 
internal  diameter  which  is  metallically  connected  to  the  earth  connections 
with  the  consents  hereinbefore  specified. 

(e)  When  the  generator  is  at  a  considerable  distance  from  the  tramway 
the  uninsulated  return  shall  be  connected  to  the  negative  terminal  of  the 
generator  by  means  of  one  or  more  insulated  return  conductors,  and  the 
generator  shall  have  no  other  connection  with  earth  i  and  in  such  case  the 
end  of  each  insulated  return  connected  with  the  uninsulated  return  shall 
be  connected  also  through  a  current  indicator  to  two  separate  earth  connec- 
tions, or  with  the  necessary  consents  to  a  main  for  water  supply,  or  with  the 
like  consents  to  both  in  the  manner  prescribed  in  this  regulation. 

(/)  The  current  indicator  may  consist  of  an  indicator  at  the  generating 
station  connected  by  insulated  wires  to  the  terminals  of  a  resistance  inter- 
posed between  the  return  and  the  earth  connection  or  connections,  or  it  may 
consist  of  a  suitable  low -resistance  maximum  demand  indicator.  The  said 
resistance,  or  the  resistance  of  the  maximum  demand  indicator,  shall  be  such 
that  the  maximum  current  laid  down  in  Regulation  6  (i)  shall  produce  a 
difference  of  potential  not  exceeding  one  volt  between  the  terminals.  The 
indicator  shall  be  so  constructed  as  to  indicate  correctly  the  current  pewsing 
through  the  resistance  when  connected  to  the  terminals  by  the  insulated  wires 
before-mentioned. 

6.  When  the  return  is  partly  or  entirely  iminsulated  the  Company  shall 
in  the  construction  and  maintenance  of  the  tramwav  (a)  so  separate  the 
uninsulated  return  from  the  general  mass  of  earth,  and  from  any  pipe  in  the 
vicinity ;  (&)  so  connect  together  the  several  lengths  of  the  rails ;  (c)  adopt 
such  means  for  reducing  the  difference,  produced  by  the  current,  between  the 
potential  of  the  uninsulated  return  at  any  one  point  and  the  potential  of  the 
uninsulated  return  at  any  other  point ;  and  (d)  so  maintain  the  efficiency  of 
the  earth  connections  specified  m  the  preceding  regulations  as  to  fulfil  the 
following  conditions,  viz. : — 

(i)  That  the  current  passing  from  the  earth  connections  through  the 
indicator  to  the  generator  or  through  the  resistance  to  the  insu- 
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lated  return  shall  not  at  any  time  exceed  either  two  amperes 
per  mile  of  single  tramway  line  or  five  per  cent,  of  the  total 
current  output  of  the  station, 
(ii)  That  if  at  any  time  and  at  any  place  a  test  be  made  by  connecting 
a  galvanometer  or  other  current-indicator  to  the  uninsulated 
return  and  to  any  pipe  in  the  vicinity,  it  shall  always  be  possible 
to  reverse  the  direction  of  any  current  indicated  by  interposing 
a  battery  of  three  Leclanch^  cells  connected  in  series  if  the  direc- 
tion of  the  current  is  from  the  return  to  the  pipe,  or  by  inter- 
posing one  Leclanch6  cell  if  the  direction  of  the  current  is  from 
the  pipe  to  the  return. 
The  owner  of  any  such  pipe  may  require  the  Company  to  permit  him  at 

reasonable  times  and  intervals  to  ascertain  by  test  that  the  conditions 

specified  in  (ii)  are  complied  with  as  regards  his  pipe. 

7.  When  the  return  is  partly  or  entirely  uninsulated  a  continuous  record 
shall  be  kept  by  the  Company  of  the  difference  of  potential  during  the  work- 
ing of  the  tramway  between  points  on  the  uninsulated  return.  If  at  any 
time  such  difference  of  potential  between  any  two  points  exceeds  the  limit 
of  seven  volts,  the  Company  shall  take  immediate  steps  to  reduce  it  below 
that  limit. 

8.  Every  electrical  connection  with  any  pipe  shall  be  so  arranged  as  to 
admit  of  easy  examination,  and  shall  be  tested  by  the  Company  at  least 
once  in  every  three  months. 

9.  The  insulation  of  the  line  and  of  the  return  when  insulated,  and  of 
all  feeders  and  other  conductors,  shall  be  so  maintained  that  the  leakage 
current  shall  not  exceed  one  hundredth  of  an  ampere  per  mile  of  tramway. 
The  leakage  current  shall  be  ascertained  not  less  frequently  than  once  in 
every  week  before  or  after  the  hours  of  running  when  the  line  is  fully  charged. 
If  at  any  time  it  should  be  found  that  the  leakage  current  exceeas  one-half 
of  an  ampere  per  mile  of  tramway  the  leak  shall  be  localised  and  removed  as 
soon  as  practicable,  and  the  running  of  the  cars  shall  be  stopped  unless  the 
leak  is  localised  and  removed  within  24  hours.  Provided  that  where  both  line 
and  return  are  placed  within  a  conduit  this  regulation  shall  not  apply. 

10.  The  insulation  resistance  of  all  continuously  insulated  cables  used 
for  lines,  for  instilated  returns,  for  feeders,  or  for  other  purposes,  and  laid 
below  the  surfcMse  of  the  ground,  shall  not  be  permitted  to  fall  below  the 
equivalent  of  10  megohms  for  a  length  of  one  mile.  A  test  of  the  insulation 
resistance  of  all  such  cables  shall  be  made  at  least  once  in  each  month. 

11.  Any  insulated  return  shall  be  placed  parallel  to  and  at  a  distance  not 
exceeding  three  feet  from  the  line  when  the  line  and  return  are  both  erected 
overhead,  or  eighteen  inches  when  they  are  both  laid  underground. 

12.  In  the  disposition,  connections,  ana  working  of  feeders,  the  Company 
shall  take  all  recbsonable  precautions  to  avoid  injurious  interference  with 
any  existing  wires. 

13.  The  Company  shall  so  construct  and  maintain  their  system  as  to 
secure  good  contact  between  the  motors  and  the  line  and  return  respectively. 

14.  The  Company  shall  adopt  the  best  means  available  to  prevent  the 
occurrence  of  undue  sparking  at  the  rubbing  or  rolling  contacts  in  any  place 
and  in  the  construction  and  use  of  their  generator  and  motors. 

15.  Where  the  line  or  return  or  both  are  laid  in  a  conduit  the  following 
conditions  shall  be  complied  with  in  the  construction  and  maintenance  of 
such  conduit  : — 

(a)  The  conduit  shall  be  so  constructed  as  to  culmit  of  examination 
of  cttid  access  to  the  conductors  contained  therein  and  their 
insulators  and  supports. 

(h)  It  shall  be  so  constructed  as  to  be  readily  clecured  of  accumulation 
of  dust  or  other  d  hris,  and  no  such  accumulation  shall  be  per- 
mitted to  remain. 

(c)  It  shall  be  laid  to  such  falls  and  so  connected  to  sumps  or  other 
means  of  drainage,  as  to  automatically  clear  itself  of  water  with- 
out danger  of  the  water  reaching  the  level  of  the  conductors. 
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(d)  If  the  conduit  is  formed  of  metal,  all  separate  lengths  shall  be  so 

jointed  as  to  secure  efficient  metallic  continuity  for  the  passage 
of  electric  currents.  Where  the  rails  are  used  to  form  any  part 
of  the  return  they  shall  be  electrically  connected  to  the  conduit 
by  means  of  copper  strips  having  a  sectional  area  of  at  least 
one -sixteenth  of  a  square  inch,  or  other  means  of  equal  conduc- 
tivity, at  distances  apart  not  exceeding  100  feet.  Where  the 
retiun  is  whoUy  insulated  and  contained  within  the  conduit, 
the  latter  shall  be  connected  to  earth  at  the  generating  station 
or  sub -station  through  a  high -resistance  galvanometer  suitable 
for  the  indication  of  any  contact  or  partial  cont€MJt  of  either 
the  line  or  the  return  with  the  conduit. 

(e)  Tf  the  conduit  is  formed  of  any  non-metallic  material  not  being 

of  high  insulating  quality  and  impervious  to  moisture  througli- 
out,  the  conductors  shall  be  Cfuried  on  insulators  the  supports  for 
which  shall  be  in  metallic  contact  with  one  another  throughout. 
(/)  The    negative   conductor   shall   be    connected   with   earth   at   the 
station  by  a  voltmeter  and  may  also  be  connected  with  earth 
at  the  generating  station  or  sub -station  by  an  adjustable  resist- 
ance and  current  indicator.     Neither  conductor  shall  otherwise 
be  permanently  connected  with  earth. 
{g)  The   conductors    shall   be  constructed   in   sections   not  exceeding 
one-half  a  mile  in  length,  and  in  the  event  of  a  leak  occurring 
on  either  conductor  that  conductor  shall  at  once  be  connect<*d 
with  the  negative  pole  of  the  dynamo,  and  shall  remain  so  con- 
nected until  the  leak  can  be  removed. 
(h)  The  leakage  current  shall  be  ascertained  daily,  before  or  after  the 
hoiuB  of  running,  when  the  line  is  fully  charged,  and  if  at  any 
time  it  shall  be  found  to  exceed  one  ampere  per  mile  of  tramway 
the  leak  shall  be  localised  and  removed  as  soon  as  practicable, 
and  the  running  of  the  cars  shall  be  stopped  unless  the  leak  is 
localised  and  removed  within  24  hovurs. 
16.  The  company  shall,  so  far  as  may  be  applicable  to  their  system  of 
working,  keep  records  as  specified  below.     These  records  shall,  if  and  wh(»n 
required,  be  forwarded  for  the  information  of  the  Board  of  Trtide. 
Number  of  cars  running. 
Number  of  miles  of  single  tramway  line. 

Daily  Records 
Maximum  working  current. 
Maximum  working  pressure. 
Maximiun  current  from  the  earth  plates  or  water-pipe  connections  [vide 

Regulation  6  (i))  where  the  indicator  is  at  the  generating  works 
Fall  of  potential  return  {vide  Regulation  7). 
Leakage  current  {vide  Regulation  15  {h)). 

Weekly  Records 

Leakage  current  {vide  Regulation  9). 

Maximum  current  from  the  earth  plates  or  water-pipe  connections  {vide 
Regulation  6  (i))  where  a  maximum  demand  indicator  is  used. 

Monthly  Records 

Condition  of  earth  connections  {vide  Regulation  5). 

Minimum  insulation  resistance  of  insulated  cables  in  megohms  per  mile 
{vide  Regulation  10). 

Quarterly  Records 
Conductance  of  joints  to  pipes  {vide  Regulation  8). 

Occasional  Records 
Specimens  of  tests  made  under  provisions  of  Regulation  6  (ii). 
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Statutory    Rules   and    Ordebs,    191  .     No. 
TRAMWAY    (OR    LIGHT    RAILWAY)  ♦ 
REGULATIONS,  dated 191  ,  made  by  the  Boabd  of 

TBADE  as  BEQARDS  EliECTBICAIi  POWER  (OVERHEAD  TrOIXEY  SySTEM) 

ON  THE Tramways 

The  Board  of  Trade,  under  and  by  virtue  of  the  powers  conferred  upon 
them  in  this  behalf,  do  hereby  make  the  following  regulations  for  securing 
to  the  public  reasonable  protection  against  danger  in  the  exercise  of  the 
powers  conferred  by  Parliament  with  respect  to  the  use  of  electrical  power 
on  the  overhead  trolley  system  on  all  or  any  of  the  tramways  on  which  the 

use  of  mechanical  power  has  been  authorised,  by  the 

(hereinafter  called  "  the  tramways  ") : 

And  the  Board  of  Trtide  do  also  hereby  make  the  following  byolaws  with 
regard  to  the  use  of  electrical  power  on  all  or  any  of  such  tramways. 

ReguUuiona 

I  Every  motor  carriage  used  on  the*  tramways  shall  comply  with  the 
following  requirements,  that  is  to  say  : — 

(a)  It  shall  be  fitted,  if  and  when  required  by  the  Board  of  Trade,  with 
an  apparatus  to  indicate  to  the  driver  the  speed  at  which  it  is 
running. 
(&)  The  wheels  shall   be  fitted  with  brake  blocks,  which  can  be  applied 
by  a  screw  or  by  other  means,  and  there  shall  be  in  addition  an 
adequate  electric  brake. 
[Note. — ^Where  for  a  considerable  distance  the  gradients  are  1  in  15  or 
steeper,  the  following  will  be  added  to  this  regulation  : 

"  and  a  slipper  brake  or  other  track  brake  approved  by  the  Board 
of  Trade  for  use  on  the  tramways."] 

(c)  It  shall  be  conspicuously  numbered  inside  and  outside. 

(d)  It  shall  be  fitted  with  a  suitable  lifeguard,  and  with  a  special   bell 

or  whistle  to  be  sounded  as  a  warning  when  necessary. 

(e)  It  shall  be  so  constructed  as  to  enable  the  driver  to  command  the 

fullest  possible  view  of  the  road. 

II.  No  trailer  carriage  shall  be  used  on  the  tramways  except  in  the  case 
of  the  removal  of  a  disabled  carriage. 

III.  Every  carriage  used  on  the  tramways  shall  be  so  constructed  as  to 
provide  for  the  serfety  of  passengers,  and  for  their  safe  entrance  to,  exit  from, 
and  accommodation  in  such  carriage. 

IV.  Every  cajriage  on  the  tramways  shall,  during  the  period  between 
one  hour  after  sunset  and  one  hour  before  suiu-ise  or  during  fog,  carry  a  lamp 
so  constructed  and  placed  as  to  exhibit  a  white  light  visible  within  a  reason- 
able distance  to  the  front,  and  every  such  carriage  shall  carry  a  lamp  so 
constructed  and  placed  as  to  exhibit  a  red  light  visible  within  a  reasonable 
distance  to  the  rear. 

V.  The  speed  at  which  the  carriages  shall  bo  driven  or  propelled  along 
the  tr€wnways  shall  not  exceed  the  rate  of : — 

VI.  The  electrical  pressure  or  difference  of  potential  between  the  ovor- 
hecul  conductors  used  m  connexion  with  the  working  of  the  tramways  and 
the  earth,  or  between  any  two  such  conductors,  shall  in  no  case  exceed  550 
volts.  The  electrical  energy  supplied  through  feeders  shall  not  be  generated 
at  or  transformed  to  a  pressiu*e  higher  than  650  volts,  except  with  the  written 
consent  of  the  Board  of  Trtide,  and  subject  to  such  regulations  and  conditions 
as  they  may  prescribe. 

VII.  The  overhead  conductors  used  m  coimexion  with  the  working  of 

*  Laid  aluiig  public  road;^. 
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the  tramways  shall  be  securely  attached  to  supports,  the  intervals  between 
which  shall  not,  except  with  the  approval  of  the  Board  of  Trade,  exceed 
120  feet,  and  they  shall  be  in  no  part  at  a  less  height  from  the  surface  of  the 
street  than  17  feet,  except  where  they  pass  under  railway  bridges. 

Vin.  The  overhead  conductors  shall  be  divided  up  into  sections  not 
exceeding  (except  with  the  specied  approval  of  the  Board  of  Trade)  one-half 
of  a  mile  in  length,  between  every  two  of  which  shall  be  inserted  an  emer- 
gency switch  so  enclosed  as  to  be  inaccessible  to  pedestrians. 

IX.  No  part  of  any  electric  line  shall  be  used  for  the  transmission  of 
more  than  300,000  watts,  except  with  the  consent  in  writing  of  the  Board 
of  Trade,  and  efficient  means  shall  be  provided  to  prevent  this  limit  being 
at  any  time  exceeded. 

X.  Each  separate  insulator  on  the  overhe£bd  conductors  shall  be  tested 
not  less  frequently  than  once  in  a  month,  and  any  insulator  found  to  be 
defective  shall  at  once  be  removed  and  an  efficient  insulator  substituted. 

XI.  All  electrical  conductors  fixed  upon  the  carriages  in  connexion  with 
the  trolley  wheel  shall  be  formed  of  flexible  cables  protected  by  india-rubber 
insulation  of  the  highest  quality,  and  additionally  protected  wherever  thev 
are  adjacent  to  any  metal  so  as  to  avoid  risk  of  the  metal  becoming  charged. 

XII.  The  trolley  standard  of  every  double -decked  carriage  shedl  be  elec- 
trically connected  to  the  wheels  of  the  carriage  in  such  manner  as  either  to 
prevent  the  possibility  of  this  sta«idard  becoming  electrically  charged  from 
any  defect  in  the  electrical  conductors  contained  within  it  or  give  a  continuous 
warning  signal  to  the  driver  or  conductor.  No  passenger  shall  be  allowed 
to  travel  on  the  roof  of  a  carriage  as  long  as  there  is  risk  of  electric  shock. 

XIII.  An  emergency  cut-off  switch  shall  be  provided  and  fixed  so  as  to 
be  conveniently  reached  by  the  driver  in  case  of  any  failure  of  a.otion  of  the 
controller  switch. 

XrV.  If  and  whenever  telegraph  or  telephone  wires,  unprotected  with  a 

gennanent  insulating  covering,  cross  above,  or  are  liable  to  fall  upon,  or  to 
e  blown  on  to,  the  overhead  conductors  of  the  tramways,  efficient  guard 
wires  shall  be  erected  and  maintained  at  all  such  places. 

XV.  Where  any  accident  by  explosion  or  fire,  or  any  other  accident  of 
such  kind  as  to  have  caused  or  to  be  likely  to  have  caused  loss  of  life  or 
personal  injury,  has  occurred  in  connexion  with  the  electric  working  of  the 
tramways,  immediate  notice  thereof  shall  be  given  to  the  Board  of  IVade. 

Penalty 

Note. — The using 

electrical  power  on  the  tramways  contrary  to  any  of  the  above  regulations 
is,  for  everj'^  such  offence,  subject  to  a  penalty  not  exceeding  £10  ;  and  also 
in  the  case  of  a  continuing  offence,  to  a  further  penalty  not  exceeding  £5 
for  every  day  during  which  such  offence  continues  after  conviction  thereof. 


MODEL  DESCRIPTION  OF  ELECTRICAL  EQUIPMENT  (ON  THE 
OVERHEAD  TROLLEY  SYSTEM)  OF  TRAMWAYS  OR  LIGHT 
RAILWAYS  LAID  ON  PUBLIC  ROADS. 

Note. — This  model  sfwuld  be  retained  for  reference.  It  is  intended  to  show 
the  amount  of  detail  required,  and  not  to  suggest  actual  details.  A  de- 
scription should  be  drawn  up  following  the  model  as  closely  as  circumstances 
permit. 

Power  will  be  supplied  at  from  500  to  550  volts  through  underground 
feeders  to  hard-drawn  trolley  wires S.W.G. 

The  feeders  will  be  lead -covered,  laid  in  troughing  filled  in  solid  with 
composition  and  covered  with  hard  burned  tiles  or  other  suitable  protection, 
or  wDl  be  drawn  into  earthenware  ducts. 
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Detachable  swivel  trolley  heads  will,  be  used,  and  the  trolley  wire  will 
be  in  general  at  a  height  of  about  21  feet,  and  at  a  distance  horizontally  of 
from  4  to  5  feet  from  the  centre  of  the  track. 

The  troUey  wires  will  be  flexibly  suspended  from  brackets  fixed  to  tubular 
poles,  or  in  some  cases  from  span  w^ires  fastened  to  poles  or  to  the  walls  of 
houses  by  suitable  means,  and  in  such  a  way  as  to  provide  for  double  insu- 
lation throughout  between  the  trolley  wires  and  earth.  The  bracket  arms 
will  have  an  average  length  of . . .  .feet,  and  will  in  no  case  exceed. . .  .feet 
in  length. 

Section  switches  will  be  provided  at  every  half  mile,  either  in  pillar  boxes 
or  in  boxes  attached  to  the  poles  or  to  houses.  Feeder  switches  will  be 
provided  in  pillar  boxes,  and  all  pillar  boxes  will  be  arranged  to  prevent 
explosion  of  gas  accumulating  in  them  or  in  ducts  connected  with  them. 

The  accompanying  plan  on  a  scale  of  six  inches  to  one  mile  gives  a  diagram 
of  the  feeders,  feeding  points,  return  feeders,  earthplates,  and  pilot  wire 
points. 

Tbamways  and  Light  Railways  laid  on  Public  R;Oads 

IVEEMORANDUM  REGARDING  DETAILS  OF  CONSTRUCTION  OF 

NEW  LINES  AND   EQUIPMENT 

(Note. — These  requirements  and  recomtnenddtions  apply ^  only  to  matters 
undertaken  after  the  date  of  the  Memorandum) 

(1)  Clearance 

(a)  The  space  between  the  inner  rails  of  a  double  line  must  depend  upon 
the  overhang  of  the  cars.  It  is,  however,  necessary  that  there  should  be  at 
least  15  inches  between  the  sides  of  peussing  cars  and  also  a  similcu*  space 
between  the  side  of  a  car  and  any  standing  work  such  as  l£unp,  telegraph 
and  trolley  wire  posts  in  a  street. 

(b)  Side  posts  should  be  placed  inside  the  kerb  at  a  sufficient  distance 
from  it  to  prevent  the  possibility  of  road  vehicles  coming  into  contact  with 
them,  due  regard  being  h£bd  to  the  camber  of  the  road. 

(c)  There  should  be  at  least  15  inches  between  the  side  of  a  car  and  the 
kerb,  whether  on  straight  or  curved  roeids. 

(d)  The  clearance  between  the  top  deck  of  uncovered  cars  and  the  under- 
side of  bridges  should  not,  if  possible,  be  less  than  6  feet  6  inches.  Where 
this  clearance  cannot  be  obtained,  special  precautions  in  working  will  be 
required,  but  in  no  case  will  less  than  6  feet  be  accepted. 

(2)  Posts  and  Brackets 

(a)  Centre  posts  should  not  be  used  without  the  consent,  in  every  ca«e, 
of  the  Board  of  Trade. 

(6)  The  stone  kerbing  round  centre  posts  should  not  be  such  as  to  enable 
anv  person  to  stand  upon  it  as  a  refuge,  unless  the  clearance  is  ample  for 
safety. 

(c)  Where  bracket  arms  16  feet  in  length  will  not  suffice,  it  is  desirable 
that  span  wire  construction  should  be  used. 

{d)  The  overhe€«i  conductors  used  in  connection  with  the  working  of  the 
lines  should  be  securely  attached  to  supports,  the  intervals  between  which 
should  not,  except  with  the  approval  of  the  Board  of  Trade,  exceed  120  feet, 
and  the  overhesbd  conductors  should  (as  a  general  rule)  be  in  no  part  at  a 
less  height  from  the  surface  of  the  street  than  20  feet,  except  where  they 
pass  under  bridges. 

(e)  The  overhe€ki  conductors  should  be  divided  up  into  sections  not 
exceeding  (except  with  the  special  approval  of  the  Board  of  Trckie)  one-half 
of  a  mile  in  length,  between  every  two  of  which  should  be  inserted  an  emer- 
gency switch  so  enclosed  as  to  be  inaccessible  to  pedestrians. 

(/)  No  gas  lamp  brackets  shall  be  attached  to  any  pole  unless  triple 
insulation  is  provided  between  the  overhecMl  conductors  and  the  pole. 
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(7)  Where  the  distance  between  the  two  positive  trolley  wires  exceeds 
48  inches,  each  trolley  wire  should  be  separately  guarded  (see  Fig.  E). 
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Overhead       Trackless  (Railless) 
Trolley  Trolley  Routes. 

Tramways. 

(8)  It  is  desirable,  where  possible,  to  divert  telegraph  wires  from  above 
trolley  junctions  and  trolley-wire  crossings,  and  undertakers  should  en- 
deavour to  make  arrangements  to  that  effect  with  the  owners  of  telegraph 
wires. 

TEIiEGBAPH   WlKES  PARAIXEL  TO   TbOLLEY   WiBES 

Classes  (a)  and  (6) 

(9)  Where  telegraph  wires  not  crossing  a  trolley  wire  are  liable  to  fall 
upon  or  to  be  blown  on  to  a  trolley  wire,  a  guard  wire  shoxild  be  so  erected 
that  a  falling  wire  must  fall  on  the  guard  wire  before  it  can  fall  on  the  trolley 
wire. 

If  the  trolley  wire  is  within  the  angle  formed  by  the  vertical  plane  of  a 
telegraph  wire,  and  an  imaginary  plane  drawn  at  an  angle  of  45*^  from  the 
uppermost  telegraph  wire  on  the  side  nearest  to  the  trolley  wire,  a  i^uard 
wire  should  be  erected  on  span  wires  or  on  the  brackets.  This  indicates 
the  minimxmi  requirements.  In  very  exposed  situations  or  for  heavy  routes 
of  wires,  more  than  one  gueuxl  wire  may  be  needed. 

(10)  When  gueuxl  wires  are  attached  to  other  supports  than  the  trolley 
poles  they  shomd  be  connected  with  the  rails  at  one  point  at  least. 

(11)  When  it  is  possible  that  a  telegraph  wire  mav  fall  on  an  arm  or  a 
stay,  or  a  span  wire,  and  so  slide  down  on  to  a  trolley  wire,  guard  hooks 
shoidd  be  provided. 

(12)  Minimum  guarding  requirements  for  Classes  {d)  and  (6)  are  pro- 
vided for  in  this  memorandiun,  but  in  exceptional  ceases,  such  as  in  very 
exposed  positions,  or  for  unusually  heavy  telegraph  wires,  special  precautions 
shoiild  be  taken. 
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STANDARDISATION    RULES  OF  THE  AMERICAN    INSTITUTE 

OF  ELECTRICAL   ENGINEERS 

STANDARDS    FOR    ELECTRIC    RAILWAYS 
Rating  of  Raelway  Substation  Machinery 

763  Oontinuous  Bating. — The  rating  of  a  substation  machine  shall  be 
the  kv-a.  output  at  a  stated  power-factor  input,  which  it  will  deliver 
continuously  with  temperatures  or  temperature  rises  not  exceeding 
the  limiting  values  given  in  §§  376  and  379.* 

764  Momentary  Loads. — These  machines  shoiild  be  capable  of  ccurying 
a  lo«id  of  twice  their  rating  for  one  minute,  after  a  continuous  run  at 
rated  load,  without  disqualifying  them  for  continuous  service. 

765  Nominal  Bating. — Where  the  continuous  rating  is  inconvenient, 
the  following  nominal  rating  may  be  used.  The  nominal  rating  of  a 
substation  machine  shed!  be  the  kv-a.output  at  a  stated  power- factor  input, 
which,  having  produced  a  constant  temperature  in  the  machine,  may  be 
increased  60  per  cent,  for  two  hours,  without  producing  temperatures 
or  temperature  rises  exceeding  by  more  than  5°  C.  the  limiting  values 
given  in  §§  376  and  379.  These  machines  should  be  capable  of  carrying 
a  load  of  twice  their  nominal  rating  for  a  period  of  one  minute,  without 
disqualifying  them  for  continuous  seiVice.  The  name  plate  should  be 
marked  *'  nominal  rating." 

Conductor  and  Rail  Systems 

774  Standard  Gauge  of  Conductor  Rails. f — ^The  gauge  of  conductor 
rails  shall  be  not  less  than  26  in.  and  not  more  than  27  m. 

776  Standard  Elevation  of  Conductor  Rails.! — ^The  elevation  of 
conductor  rails  shall  be  not  less  than  2jin.,  and  not  more  than  3}  in. 

779  Classes  of  Gonstmction. — Overhead  trolley  construction  will  be  classed 
as  Direct  Suspension  and  Messenger  or  Catenary  Suspension, 

780  Direct  Suspension. — ^All  forms  of  overhecMl  trolley  construction 
in  which  the  trolley  wires  are  attached,  by  insulating  devices,  directly 
to  the  main  supporting  system. 

781  Messenger  or  Catenary  Suspension. — ^All  forms  of  overhead 
trolley  construction  in  which  the  trolley  wires  are  attached,  by  suit- 
able devices,  to  one  or  more  messenger  cables,  which  in  turn  may  be 

*  Sections  376  and  379  are  given  on  pp.  650,  651. 

t  These  Rules  refer  to  conductor  rails  placed  on  either  side  of  the  track  rails. 
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ccurried   either  in  Simple  CaJl»nary,  t.e.  by  primary  messengers,  or  in 
Compound  Catenary,  t.e.  by  secondary  messengers. 

782  SuPFOBTiNG  Systems  shall  be  classed  as  follows  : 

783  S1MFI.E  Cboss-span  Systems. — ^Those  systems  having  at  each  sup- 
port a  single  flexible  span  across  the  track  or  tracks. 

784  Messengeb  Cboss-span  Systems. — ^Those  systems  having  at  each 
support  two  or  more  flexible  spcuis  across  the  track  or  tracks,  the  upper 
span  carrying  part  or  all  of  the  vertical  load  of  the  lower  span. 

785  Bbacket  Systems. — Those  systems  having  at  ecMsh  support  an  arm 
or  similar  rigid  member,  supported  at  only  one  side  of  the  track  or 
tracks. 

786  Bridge  Systems. — ^Those  svstems  having  at  each  support  a  rigid 
member,  supported  at  both  sides  of  the  track  or  tracks. 

787  Standard  Height  of  Troixey  Wire  on  Street  and  Interurban 
BAiiiWAYS. — It  is  recommended  that  supporting  structures  shall  be 
of  such  height  that  the  lowest  point  of  tne  trolley  wire  shall  be  at  a 
height  of  18  feet  above  the  top  of  rail  under  conditions  of  maximum  sag, 
unless  local  conditions  prevent.  On  trackage  operating  electric  and 
steam  road  equipment  and  at  crossings  over  steam  roads,  it  is  recom- 
mended that  the  trolley  wire  sheJl  be  not  less  than  21  feet  above  the 
top  of  rail,  luider  conditions  of  maximum  sag. 

BAILWAY   MOTORS 

Rating 

800  Nominal  Bating. — T.ie  nominal  lating  of  a  railway  motor  shall  be 
the  mechanical  output  at  the  car  or  locomotive  axle,  measured  in  kilo- 
watts, which  causes  a  rise  of  temperature  above  the  surrounding  air, 
by  thermometer,  not  exceeding  90  C.  at  the  conunutator,  and  75^  C. 
at  any  other  normally  accessible  part  after  one  hour's  continuous  run 
at  its  rated  voltage  (and  frequency  in  the  case  of  an  alternating-current 
motor)  on  a  stand  with  the  motor  covers  arranged  to  secure  maxi- 
mum ventilation  without  external  blower.  The  rise  in  temperature  as 
measured  by  resistance  shall  not  exceed  100"*  C* 

801  The  statement  of  the  nominal  rating  sht  U  also  include  the  corre- 
sponding voltage  and  armature  speed. 

802  Continuous  Bating. — ^Thccontinuous  ratings  of  a  railway  motor  shall 
be  the  inputs  in  amperes  at  which  it  may  be  operated  continuously 
at  \y  },  and  full  voltage  respectively,  without  exceeding  the  specified 
temperature  rises  (see  §  805),  when  operated  on  stand  test  with  motor 
covers  and  cooling  system,  if  any,  arranged  as  in  service.  Inasmuch 
as  the  same  motor  may  be  operated  under  different  conditions  as  regards 
ventilation,  it  will  be  necessary  in  each  case  to  define  the  system  of 
ventilation  which  is  used.  In  case  motors  are  cooled  by  external  blowers, 
the  flow  of  air  on  which  the  rating  is  based  shall  be  given. 

803  Mazimuni  Input. — ^The  subject  of  momentary  loads  for  railway 
motors  is  under  investigation. 

■ 

Temperature   Limitations 

804  The  allowable  temperature  in  any  part  of  a  motor  in  service  will  be 

fovemed  by  the  kind  of  material  with  which  that  part  is  msulated. 
Q  view  of  space  limitations,  and  the  cost  of  carrying  dead  weight  on 

*  This  definition  differs  from  that  in  the  191 1  edition  of  the  Rules,  principally  by 
the  substitution  of  a  kilowatt  rating  for  the  horse-power  rating  and  the  omission 
of  a  reference  to  a  room  temperature  of  25°  C. 
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oars,  it  is  considered  good  practice  to  operate  railway  motors  for  short 
periods  at  higher  temperatures  than  would  be  advisable  in  stationary 
motors.     The  following  temperatures  are  permissible  : 


Ofbratinq  Temperatubbs  of  Railway  Motobs 


Class 

of 

Mat>erial.* 

A 
B 


Maximum  Observable  Temperature  of 
Windings  when  in  Continuous  Service. 


By  Thermometer. 
85 
100 


By  Resistance. 
110 
130 


♦  See  §§  376,  379  (pp.  660,  651). 

For  infrequent  occasions,  due  to  extreme  ambient  temperatures,  it  is 
permissible  to  operate  at  15"  higher  temperature. 

805  With  a  view  to  not  exceeding  the  above  temperature  limitations, 
the  continuous  ratings  shall  be  based  upon  the  temperature  rises  tabu- 
lated below : 


Stand -TEST  Tebipebatube  Rises  of  Railway  Motobs  f 


Class 

of 

Material.* 


Temperature  Rises  of  Windings. 


B 


By  Thermometer. 
65 


80 


By  Resistance. 
85 

105 


♦  See  §§  376,  379  (pp.  650,  651). 

806  Field-control  Motors. — ^The  nominal  and  continuous  ratings  of  field- 
control  motors  shall  relate  to  their  performance  with  the  operating 
field  which  gives  the  maximum  motor  rating.  EsMjh  section  of  the 
field  windings  shall  be  adequate  to  perform  the  service  required  of  it, 
without  exceeding  the  specified  temperature  rises. 


Chabaotebistio  Cubves 

810  The  characteristic  curves  of  railway  motors  shall  be  plotted  with 
the  current  eis  abscisssB,  and  the  tractive  effort,  speed,  and  efficiency  as 
ordinates.  In  the  case  of  alternating-current  motors,  the  power-factor 
shall  also  be  plotted  as  ordinates. 

811  Characteristic  curves  of  continuous-current  motors  shall  be  bcised 
upon  full  voltage,  which  shall  be  taken  as  600  volts,  or  a  multiple  thereof. 

812  In  the  case  of  field -control  motors*  characteristic  curves  shall  be 
given  for  all  operating  field  connections. 

t  The  temperature  riso  in  service  may  be  very  different  from  that  on  stand  test. 
See  §  1104  for  relation  between  stand  test  and  service  temperatures,  as  affected  by 
ventilation. 
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Efficiency  and  Losses 

815  The  efficiency  of  railway  motors  shall  be  deduced  from  a  deter- 
mination of  the  losses  enimierated  in  §§  816  to  820.  (See  also  §§  1100 
and  1101.) 

816  The  copper  loss  shall  be  determined  from  resistance  measurements 
corrected  to  76°  C. 

817  The  ho-load  core  loss,  bmsh  ftiction,  amutture-bearing  Mction 
and  windage  shall  be  determined  as  a  total  under  the  following  con- 
ditions : 

In  making  the  test,  the  motor  shall  be  run  without  gears.  The 
kind  of  brushes  and  the  brush  pressure  shall  be  the  same  as  in  com- 
mercial service.  With  the  field  separately  excited,  such  a  voltage  shall 
be  applied  to  the  armature  terminals  as  will  give  the  same  speed  for 
any  given  field  current  as  is  obtained  with  that  field  current  when 
operating  at  normal  voltage  under  load.  The  sum  of  the  losses  above- 
mentioned  is  equal  to  the  product  of  the  counter  electromotive  force 
and  the  armature  current. 

818  The  core  loss  in  continuous-current  motors  shall  be  separated  from 
the  friction  and  windage  losses  above  described  by  measuring  the  power 
required  to  drive  the  motor  at  any  given  speed  without  gears,  by  running 
it  as  a  series  motor  on  low  voltage  and  deducting  this  loss  from  the  sum 
of  the  no-load  losses  at  corresponding  speed.  (See  §  1101  for  alternative 
method.) 

The  friction  and  windage  losses  under  load  shall  be  assumed  to  be 
the  same  as  without  load,  at  the  sctme  speed. 

The  core  loss  under  load  shall  be  assumed  as  follows  : 


Core  Loss  in  CoNnNUOtTs-ouBBENT  Railway  Motors 

AT  Vabious  Loads 


Per  cent,  of  Liput  at 
Nominal  Ratmg. 


Loss  as  per  cent,  of 
No-load  Core  Loss. 


200  166 

150  145 

100  130 

75  125 

50  123 

25  and  under.  '                    122 


Note. — With  motors  designed  for  field  control  the  core  losses  shall  be 
assumed  as  the  same  for  both  full  and  permanent  field.  It  shall  be  the  mean 
between  the  no-load  losses  at  full  and  permanent  field,  increased  by  the  per- 
centages given  in  the  above  Table. 

819  The  brush-contact  resistance  loss  to  be  used  in  determining  the 
efficiency  may  be  obtained  by  assuming  that  the  sum  of  the  drops  at 
the  contact  surfaces  of  the  positive  and  negative  brushes  is  three 
volts 

820  The  losses  in  gearing  and  axle  bearings  for  single-reduction  single- 
goeured  motors  varies  with  type,  mechanical  finish,  age,  and  lubrication. 
The  following  values,  based  on  accumulated  tests,  shall  be  used  in  the 
compeirison  of  single -reduction  single-geared  motors : 
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Losses  in  Axle  Beabinqs  and  SiNGUB-BBDtxonoN  Geabino 

OF  Railwat  Motors 


Per  cent,  of  Input  at 
Nominal  Rating. 

Losses  as  per  cent, 
of  Input.               ' 

200 

150 

125 

100 

75 

60 

50 

40 

30 

25 

3-5 

30 

2-7 

2-5 

2-5 

2-7 

3-2 

4*4 

6-7, 

8-5 

Note. — Further  investigation  may  indicate  the  desirability  of  giving  separate 
values  of  the  losses  for  full  and  tapped  fields,  or  low-  and  high-speed  motors. 

Elbotbio  LoooMonvES 

830  Bating. — Locomotives  shall  be  rated  in  terms  of  the  weight  on 
drivers,  nominal  one -hour  tractive  effort,  continuous  tractive  effort, 
and  corresponding  speeds. 

831  Weight  on  Drivers. — ^The  weight  on  drivers,  expressed  in  pounds, 
shall  be  the  sum  of  the  weights  carried  by  the  drivers  and  of  the  drivers 
theinselves. 

832  Nominal  Tractive  Effort. — ^The  nominal  tractive  effort,  expressed  in 
pounds,  shall  be  that  exerted  at  the  rims  of  the  drivers,  when  the  motors 
are  operating  at  their  nominal  (one-hour)  rating. 

833  Oontinuous  Tractive  Effort. — ^The  continuous  tractive  effort,  ex- 
pree»ed  in  pounds,  shall  be  that  exerted  at  the  rims  of  the  drivers  when 
the  motors  are  operating  at  their  full -voltage  continuous  rating,  as 
indicated  in  §  802. 

In  the  C€kse  of  locomotives  operating  on  intermittent  sprvice,  the 
continuous  tractive  effort  may  be  given  for  i  or  f  volta^ge,  but  in  such 
cases  the  voltage  shall  be  clearly  specified. 

834  Speed. — The  rated  speed,  expressed  in  miles  per  hour,  shall  be  that 
at  which  the  continuous  tractive  effort  is  exerted. 


Additional  Standabds  fob  Railway  Motobs 

1100  In  comparing  projected  motors,  and  in  case  it  is  not  possible  or 
desirable  to  make  tests  to  determine  mechanical  losses,  the  following 
values  of  these  Ipsses,  determined  from  the  averages  of  many  tests 
over  a  wide  range  of  sizes  of  single -reduction  single -geared  motors,  will 
be  found  useful  as  approximations.  They  include  axle-bearing,  gear, 
armature-bearing,  brush-friction,  windage,  and  stray-load  losses. 

Apfboximate  Losses  in  Continuous-oubbbnt  Railway  Motobs 


Per  cent,  of 

Input  at 

Losses  as  per  cent. 

Nominal  Rating. 

of  Input. 

100  or  over. 

5-0 

75 

50 

60 

5-3 

50 

6*5 

40 

8-8 

30 

13-3 

25 

17-0 
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1101  The  core  loss  of  railway  motors  is  sometimes  determined  by  sepa- 
rately exciting  the  field,  and  driving  the  armature  of  the  motor  to 
be  tested  by  a  separate  motor  having  known  losses,  and  noting  the 
differences  in  losses  between  driving  the  motor  light  at  various  speeds 
and  driving  it  with  veurious  field  excitations. 

1102  Selectioii  of  Motor  for  Specified  Service. 

The  following  information  relative  to  the  service  to  be  performed 
is  required  in  order  that  an  appropriate  motor  may  be  selected: 

(a)  Weight  of  total  number  of  cars  in  train,  exclusive  of  electrical 

equipment  and  load. 

(b)  Average  weight  of  load  and  duration  of  same^  and  maximum 

weight  of  load  and  duration  of  same. 

(c)  Number  of  motor-cars  or  locomotives  in  train,  and  number  of 

trailer  cars  in  train. 
{d)  Diameter  of  driving  wheels. 

(e)  Weight  on  driving  wheels,  exclusive  of  electrical  equipment. 
if)  Number  of  motors  per  motor-ccur. 
(g)  Voltage  at  train  with  power  on  the  motors — average,  maximum, 

cvnd  minimum. 
(h)  Acceleration  in  ml.p.h.p.s. 
(i)  Rate  of  braking  (retardation  in  ml.p.h.p.s.). 
(j)  Speed  limitations,  if  an^  (including  slowdowns). 
{k)  Distances  between  stations. 
{I)  Duration  of  strtion  stops. 

(m)  Schedule  speed,  includmg  station  stops,  in  ml.p.h. 
(n)  Train  resistance  in  pounds  per  ton  at  stated  speeds, 
(o)  Moment  of  inertia  of  revolving  parts,  exclusive  of  electriceJ 

equipment. 
ip)  Profile  and  alignment  of  track, 
(g)  Distance  coasted  as  a  per  cent,  of  the  distance  between  station 

stops, 
(r)  Time  of  layover  at  end  of  run,  if  any. 

1103  Stand-test  Method  of  Comparing  Motor  Capacity  with  Service 
Bequirements. — ^When  it  is  not  convenient  to  test  motors  under  actual 
specific  service  conditions,  recourse  may  be  had  to  the  following  method 
of  determining  temperature  rise : 

1104  The  essential  motor  losses  affecting  temperatures  in  service  are  those 
in  the  motor  windings,  core,  and  commutator.  The  mean  service  con- 
ditions may  be  expressed,  as  a  close  approximation,  in  terms  of  that 
continuous  current  and  core  loss  which  will  produce  the  same  losses  and 
distribution  of  losses  as  the  average  in  service. 

A  stemd  test  with  the  current  and  voltage  which  will  give  losses 
equal  to  those  in  service  will  determine  whether  the  motor  has  sufficient 
capacity  to  meet  the  service  requirements.  In  service,  the  temperature 
rise  of  an  enclosed  motor,  well  exposed  to  the  draught  of  air  incident 
to  a  moving  car  or  locomotive,  will  be  from  76  to  90  per  cent,  (depend- 
ing upon  the  character  of  the  service)  of  the  temperature  rise  obtained 
on  a  stand  test  with  the  motor  completely  enclosed  and  with  the  same 
losses.  With  a  ventilated  motor  the  ten^perature  rise  in  service  wOl 
be  00  to  100  per  cent,  of  the  temperature  rise  obtained  on  a  stand  test 
with  the  same  losses. 

1105  In  making  a  stand  test  to  determine  the  temperature  rise  in  a  specific 
service,  it  is  essential  in  the  case  of  a  self -ventilated  motor  to  run  the 
armatixre  at  a  speed  which  corresponds  to  the  schedule  speed  in  service. 
In  order  to  obtain  this  speed  it  may  be  necessary,  while  maintaining  the 
same  total  Eumature  losses,  to  chsuige  somewhat  the  ratio  between  the 
I^R  and  core-loss  components. 

1106  Calculation  for  Comparing  Motor  Capacity  with  Service  Require- 
ments.— The  heating  of  a  motor  should  be  determined,  wherever  pos- 
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sible,  by  testing  it  in  service,  or  with  an  equivalent  duty  cycle.  When 
the  service  or  equivalent  duty-cycle  tests  are  not  practicable,  the  ratings 
of  the  motor  may  be  utilised  as  follows  to  determine  its  temperature 
rise. 

1107  The  motor  losses  which  affect  the  heating  of  the  windings  are,  as 
stated  above,  those  in  the  windings  and  in  the  core.  The  former  are 
proportional  to  the  square  of  the  current.  The  latter  vary  with  the 
voltage  and  current,  according  to  curves  which  can  be  supplied  by  the 
manuiacturers.     The  procedure  is  therefore  as  follows  : 

1108  (a)  Plot  a  time-current  curve,  a  time-voltage  curve,  and  a  time-core 
loss  curve  for  the  duty  cycle  which  the  motor  is  to  perform,  and  calcu- 
late from  these  the  root-mean-square  current  and  the  average  core  loss. 

1109  (6)  If  the  calculated  r.m.s.  service  current  exceeds  the  continuous 
rating,  when  run  with  average  service  core  loss  and  speed,  the  motor 
is  not  sufficiently  powerful  for  the  duty  cycle  contemplated. 

1110  (c)  K  the  calculated  r.m.s.  service  current  does  not  exceed  the  con- 
tinuous rating,  when  run  with  average  service  core  loss  and  speed,  the 
motor  is  ordinarily  suitable  for  the  service.  In  some  ceises,  however, 
it  may  not  have  sufficient  thermal  capacity  to  avoid  excessive  tempera- 
ture rises  during  the  periods  of  heavy  load.  In  such  cases  a  further 
calculation  is  required,  the  first  step  of  which  is  to  compute  the  equiva- 
lent voltekge  which,  with  the  r.m.s.  current,  will  produce  the  average  core 
loss.  Having  obtained  this,  determine,  as  follows,  the  temperature  rise 
due  to  the  r.m.8.  service  current,  and  equivalent  voltage. 

Let  d»=  temperature  rise -^  ,  .     , 

p  ^I*R  loss,  kw.         I  ^**"  r.m.s.   service  current,  and  equivalent 
p!=coreloss,  kw.        j       service  voltage. 

e = temperature  rise '\      ..!_         x-  i     j  ^  j- 

p  =/«^][oss  kw  I  with  contmuous  load  current  -corresponding 

P%core  loss,  kw.        J       ^  *^®  equivalent  service  voltage. 
Then 

^  =  0  p  ,  p  t  approximately. 

1111  (d)  The  thermal  capacity  of  a  motor  is  approximately  measured 
by  the  ratio  of  the  electrical  loss  in  kw.  at  its  nominal  (one-hour)  capacity, 
to  the  corresponding  maximum  observable  temperature  rise  during  a 
one-hour  test  starting  at  ambient  temperature. 

1112  (e)  Consider  any  period  of  peak  load  and  determine  the  electrical 
losses  in  kilowatt-hours  during  that  period  from  the  electrical  efficiency 
curve.  Find  the  excess  of  the  above  losses  over  the  losses  with  r.m.s. 
service  current  ai^d  equivalent  voltage.  The  excess  loss,  divided  by 
the  coefficient  of  thermal  capacity,  will  equed  the  extra  temperature 
rise  due  to  the  peak  load.  This  temperature  rise  added  to  that  due  to 
the  r.m.s.  service  current,  and  equi\'alent  voltage,  gives  the  total  tem- 
perature rise.  If  the  total  temperature  rise  in  any  such  period  exceeds 
the  safe  limit,  the  motor  is  not  sufficiently  powerful  for  the  service. 

1113  (/)  If  the  temperature  reached,  due  to  the  peeik  loads,  does  not 
exceed  the  safe  limit,  the  motor  may  yet  be  unsuitable  for  the  service, 
as  the  peak  loads  may  cause  excessive  spekrking  and  dangerous  mechanical 
stresses.  It  is,  therefore,  necessary  to  compare  the  peak  loads  with 
the  short-period  overload  capcM^ity.  If  the  peaks  are  also  within  the 
capacity  of  the  motor,  it  may  be  considered  suitable  for  the  given  duty 
cycle. 

Temperature  Limits 

375  Table  A  gives  the  limits  for  the  hottest-spot  temperatures  of  insula- 
tions.    The  permissible  limits  are  indicated  in  colunm  1  of  the  Table. 
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The  limits  of  temperature  rise  permitted  under  rated -load  conditions 
are  given  in  column  2,  and  are  found  by  subtracting  40^  C.  from  the 
figures  in  column  1.  Whatever  be  the  ambient  temperature  at  the  time 
of  the  test,  the  rise  of  temperature  must  never  exceed  the  limits  in 
column  2  of  the  Table.  The  highest  temperatures,  fimd  temperature 
rises,  attained  in  any  machine  at  the  output  for  which  it  is  rated,  must 
not  exceed  the  values  indicated  in  the  Table  and  clauses  following. 

PenniBsible  Temperatures  and  Temperature  Bises  for  TwOTia.».iiig 
SCateriAlB.-^Table  A  gives  the  highest  temperatures  and  temperature 
rises  to  which  various  classes  of  insulating  materials  may  be  subjected, 
based  on  a  standard  cunbient  temperature  of  reference  of  40*^  C. 


TABLE   A 
Permissible  Temferatubes  and  Temperature  Rises  fob 

«  INSTTIiATINa  MaTEBIAIiS 


Class. 

Description  of  Material. 

1 

Maximitm 
Temperature  to 

which  the 
Material  majr 
be  sabjectea. 

2 

Maxinmni 

Temperature 

Rise. 

A 

Cotton,  silk,  paper,  and  similar  materials, 
when  so  treated  or  .impregnated  as  to 
increase  the  thermal   Limit,   or  when 
permanently    immersed   in   oil ;     also 
enamelled  wire 

106°  C* 

66°  C* 

B 

Mica,  .  asbestos,     and    other    materials 
capable  of  resisting  high  temperatures, 
in   which    any   Class    A    material   or 
binder  is  used  for  structural  piirposes 
only,  and  may  be  destroyed  without 
impairing  the  msulating  or  mechanical 
qualities  of  the  insulation    .... 

125°  C. 

85°  C. 

1 

C         Fireproof  and  refractory  materials,  such 
as  pure  mica,  porcelain,  quartz,  &c.     . 

No  limits  specified. 

377  Note. — ^The  Institute  recognises  the  ability  of  manufacturers  to 
employ  Class  B  insulation  successfully  at  maximum  temperatures  of 
150°  C.  and  even  higher.  However,  cts  sufficient  data  covering  experi- 
ence over  a  period  of  years  at  such  temperatures  is  at  present  unavail- 
able, the  Institute  adopts  125°  C.  as  a  conservative  limit  for  this  class 
of  insulation,  and  any  increase  above  this  figure  should  be  the  subject 
of  special  guarantee  by  the  manufcicturer. 

[AtTTHOR's  Note. — ^Table  B  gives  the  limiting  observable  temperatures  corre- 
sponding to  given  permissible  hottest-spot  temperatures.  Obviously,  when  the 
hottest-spot  temperature  is  fixed,  the  permissible  observable  temperature  will 
depend  on  the  method  of  measuring  the  temperature.  The  methods  available  in 
practice  are:  (I)  by  thermometer;  (II)  by  resistance  measurement;  (III)  by  means 
of  embedded  temperature  detectors  bidlt  into  the  machine.  Of  these  methods,  the 
first  is  the  least  satisfactory  for  obtaining  the  true  temperature  of  the  hottest  part 
of  the  insulation,  so  that,  in  this  case,  a  ''  hottest-spot  correction  '*  of  16^  C.  (see 
Table)  is  applied  to  the  observed  temperatures  in  order  to  obtain  an  approximation 
to  the  true  temperature  of  the  hottest  part.] 

•  For  cotton,  silk,  paper,  and  similar  materials,  when  neither  impregnated  nor 
immersed  in  oil,  the  highest  temperatures  and  temp>erature  rise  shall  be  10^  C. 
below  these  values. 
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TABLE    B 


Perbussible   Hottest-spot   Teicperaturbs    and   Limiting   Observable 
Temfebatube  Rises  in  otheb  than  Wateb-oooled  Machineby 


Permissible  Hottest-spot  Temperature 

Method  I.     Thermometer  only  : — 

Hottest-spot  Correction 

Limiting  Observable  Temperature  .... 

Limiting  Observable  Temperature  Rise  above 

40'»C 

Method  II.     Resistcmce  : — 

Hottest-spot  Correction 

Limiting  Observable  Temperature  .... 

Limiting  Observable  Temperature  Rise  above 

40°  C 

Method  III.  Embedded  Temperature  Detec- 
tors : — 

rk     1.1    T  r  Hottest-spot  Correction 
^??r.  ^  •     ^®'"   Limiting  Observable  Tempera- 

Wmdmgs.    J      ture . 

Jior  au  I  Limiting  Observable  Tempera- 
Voltages.  \^     ture  Rise  above  40**  C.    .      . 

Q.     ,    T  f  Hottest-spot  Correction 

Windi^^^^    Limiting  Observable  Tempera- 

For  6000  voltsi  Li Jj^g  observable  Temt^ra- 
ori^-       [     ture  Rise  above  40°  C.    .      . 

_.     .    _  r  Hottest-spot  Correction 

Smgl^Layer    Limiting  Observable  Tempera- 

Windmgs.    J      ture . 

^^SL^^'™^.         Limiting  Observable  Tempera- 
5000  volts.    \^     ture  Rise  above  40°  C.    .      . 


Class  A.* 


106* 


16° 
90° 

50° 


10° 
96° 

66° 


6° 
100° 
60° 
10° 
95° 
65° 

10°  +  (^-6)t 
96° -(^-6) 
65°  -  (^  -  5) 


Class  B. 


125* 


15° 
110° 

70° 


10° 
115° 

76° 


6° 
120° 
80° 
10° 
116° 
76° 
10° +  (^-6) 
116° -(^-5) 
76°-(J5;-6) 


*  For  cotton,  silk,  paper,  and  similar  materials,  when  neither  impregnated  nor 
immersed  in  oil,  the  highest  temperatures  and  temperature  rise  shall  be  10°  C. 
below  the  limits  fixed  for  class  A. 

t  In  these  formulae,  E  represents  the  rated  pressure  between  terminals  in  kilo- 
volts.  Thus  for  a  three-phase  machine  with  single-layer  winding,  and  with  11 
kilovolts  between  terminals,  the  hottest-spot  correction  to  be  added  to  the  maximum 
observable  temperature  will  be  16°  C. 


APPENDIX   III 

Following  are  references  to  selected  articles  and  papers  in  which  are  given 
detailed  information  relating  to  electric  railways  and  tramways. 

Abbreviations:  T.iJ.TF.,  Tramvxiy  and  Railway  World;  E.,  Elec- 
trician; E.R.y  Electrical  Review;  Er.,  The  Engineer;  Eg,,  Engineering; 
E.  R,  J-,  Electric  Railway  Journal ;  I.E.E.^  Journal  of  the  Institution  of  ElectrL 
cal  Engineers  ;  A.I.E.E.,  Transactions  of  the  American  Institute  of  Electrical 
Engineers  ;  /.  C.  E,,  Minutes  of  Proceedings  of  the  Institution  of  Civil  Engineers. 

British  Railways 

Norfh-Eastem :  T.R,W.  15,  17  *t,  267  J  (650-volt  lines) ;  39,  413  *f  (1600- 
volt  lines). 

Lancashire  and  Torkshire:    T.R.W.  15,  35,  353  *tt;  ^^*  ^  (600-voit 

lines) ;    35,  276  (3750-volt  lines) ;    39,  17  *tt  (1200- volt  lines). 

Metropolitan  District :  T,  R.  W,  17,  97  *tt  \  18,119-,  23,  342 ,-  26, 87 ;  29,  77. 

Metropolitan:   T.R.W.  16,  17  *tt ;  33,  269. 

London  Electric  (Tubes) — City  and  South  London :  E.  48,  166  *t*  etc.  ; 
LE.E.  33,  100  *J  ;  T.R.W.  21,  372.  Waterloo  and  City  :  LC.E.  139,  25, 
56.*t  Central  London:  E.R,  46,  926  *tt,  etc.;  Er.  114,  564;  T.R.W.  9, 
631  *tt ;  21,  372 ;  32,  97.  Great  Northern  and  Qty :  E.R,  54,  134,  179  f,  344.* 
Baker  Street  and  Waterloo  :  T.R.W.  17,  491  ;  19,  197.*t  Great  Northern, 
Piccadilly  and  Bronipton :  T.R.W.  20,  619.*}  Qiaring  Cross,  Eiiston  and 
Hampstead :    T.R.W.  22,1*;   34,  483. 

Great  Western  (Hammersmith  and  City) :    T.R.W.  20,  21  ;   22,  89.*tJ 

London  and  South- Western :   T.R.W.  38,  36l.*tt 

London  and  North- Western :   T.R.W.  35,  349  ;  37,  13. 

Mersey:    T.R.W.  13,  323 *t;  LC.E.  179,  19. 

London,  Brighton  and  Soutn  Coast:  I.C.E.  186,  29  * ;   Eg.  93,  105,  173, 

237,  307,  378,  548  ;   Er.  114,  140. 

Midland  (Morecambe  branch):   T.R.W.  23;  437.*t 

Amebioan  Railways 

New  York  Central :   T.R.W.  25,  9  *tt ;  33,  415. 

New  Tork  Subway  and  Interborough  Rapid  Transit :   T.  R.  W.  16,  447.*t$ 

Pennsylvania:   Er.  121,  221  *t' 

New  Tork,  New  Haven  and  Hartford :   A.I.E.E.  27,  43, 1613  ;  30, 1391. 

Butte,  Anaconda  and  Padflo :   T.R.W.  35,  267  *%  ;   A.I.E.E.  33,  1369. 

Chicago,  Milwaukee  and  St.  Paul :   T.R.W.  40,  169.*tt 

Great  Northern  (Cascade  Tunnel) :  T.  R.W.  25,  246  *  ;  A.I.E.E.  28, 1281.*t 

Norfolk  and  Western :   T.  R.  W.  38,  9  *tt ;  E.  R.  J.  45, 1058.*tt 

*  Article  contains  detailed  description  of  electrification,  including  track,  rolling 
stock,  distributing  system. 

t  Article  contains  description  of  generating  station.  In  many  cases  detailed 
drawings  are  inclu<led. 

J  Article  contains  description  of  sub-stations.  In  many  cases  detailed  drawings 
and  diagrams  of  switchboard  connections  are  included. 
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Continental  Railways 

Italian  State :    Er,  lie,  216,  242,  269,  297t,  643  ;    117,  89,  115,  143,  174  ; 
T.R.W.  27,  346  ;   33,  334  ;    35,  183  *  ;   36,  391  t ;    40,  93. 
Simplon  Tonnel :   E,  57,  921  *  ;   72,  58. 

Lotsohberg-Simplon :    Er.  113,  116,  144  ;    114,  672  ;    116,  17,  540,  596. 
Midi:   LE,E.  51,  655  *  ;    Er.  115,  118,  153,  172,  437. 

Rotterdam-Hagae :   Er.  114,  70.* 

FnUHUan  State :    Er.  113,  438,  455,  480,  522  ;   115,  194  ;   E.  68,  461. 

British  Tbauways 

London:    T.R.W.  13,  437  *tt ;    19,  14,  415;    21,  25,  463  *t ;    24,  1  *tt, 
93  ;   25,  91  ;   26,  167  *  ;  288,  375  ;   29,  229  ;  I.E.E,  43,  235.*tt 
Glasgow:    T.W.R.  30,ll\.*^X 
Manchester:    T.R.W.  15,  237,  375  *tt ;  22,  189. 
Birmingham  :    T.R.W.  21,  9.* 
Liverpool:    T.R.W.  16,  2I6.*1[ 
Dublin:    T.R.W.  27,  333.* 
Belfast:    T.R.W.  18,  333.*t 
Leeds  :    T.R.W.  20,  205  *t ;    29,  157. 
Bradford:  T.R.W.  28,  184 *t;  29,  237;  30,  9. 
Sheffield:    T.R.W.  34,  191.*^ 
Bournemouth:    T.R.W.  13,  n  ;    18,  456  ;    21,  99. 
Bristol:    T.R.W.  5,  86.*t 

Hastings  and  District:   T.R.W.  18,  357.*tt 

♦  Article  contains  detailed  description  of  electrification,  including  track,  rolling 
stock,  distributing  system. 

t  Article  contains  description  of  generating  station,  in  many  cases  detailed 
drawings  are  included. 

}  Article  contains  description  of  sub-stations.  In  many  cases  detailed  drawings 
and  diagrams  of  switchboard  connections  are  included. 


EXAMPLES 

This  collection   of    examples  includes    questions   set  at  the  following  ex- 
aminations : — 

University  of  London,  B.Sc.  Eng.*     Reference  L,  U. 

City  and  Guilds  of  London  Institute,  Electrical  Engineering.     Reference 

C.  db  O. 
Institution   of    Electrical    Engineers,    A.M.I.E.E.    Examination.     Refer- 
ence I,E,E. 
Battersea  Polytechnic,  Final  Diploma  Electrical  Engineering.     Reference 
B.P. 

The  examples  have  been  grouped  according  to  the  subject  matter  and 
chapters. 

Train  MovBBfEirr. — Chaftbbs  II  and  III 

1.  A  tramcar  usually  traverses  half  a  mile  between  two  stopping-places 
in  2^  minutes.  It  is  stopped  twice,  for  5  seconds  and  10  seconds  respectively, 
to  take  up  passengers.  What  is  the  average  speed  for  the  normal  and  for 
the  stopping  run  T     (I,E,E.  1914.)  [^^,.  12  ml.p.h. ;  109  ml.p.h.] 

2.  An  electric  train  runs  with  an  average  speed  of  22  miles  per  hour. 
The  average  distance  between  station  stops  is  1  mile,  and  the  train  stops 
20  seconds  at  ecM^h  station.  What  is  the  effect  on  the  schedule  speed  of 
doubling  the  average  speed  emd  making  the  stops  30  seconds  ?  What  is  the 
resulting  average  schedule  speed  ?     (/.  j».  ^.  1914.) 

[Ans.  Schedule  speed  increased  63*6  per  cent.  Resulting  average  schedule  speed 
=32*  1  ml.p.h.] 

3.  Draw  a  typical  speed -time  curve  for  an  electric  train  operating  on 
suburban  service,  and  state  the  values  usually  adopted  for  the  acceleration 
and  rate  of  braking.  Show  how  the  actual  speed-time  curve  is  modified 
for  preliminary  calculations,  and  explain  the  object  of  these  modifications. 

A  suburban  service,  with  an  average  of  1^  miles  between  stations,  is  to 
be  operated  at  a  schedule  speed  of  25  ml.p.h.,  with  stops  of  20  seconds  dura- 
tion. If  the  maximum  spoed  is  20  per  cent,  higher  than  the  average  speed, 
find  the  acceleration  required.  The  rate  of  braking  is  2  ml.pji.p.8.  (B.P. 
1916).  \Ans.  Acceleration  =1*08  ml.p.h.p.8.] 

4.  Show  how  the  simplified  speed -time  curve  for  an  electric  train  is 
developed  from  the  actual  speed-time  curve.  Of  what  use  is  the  former  in 
electric  railway  engineering  ? 

Obtain  an  expression  for  the  {acceleration  required  for  a  given  train  service, 
the  rate  of  braldng  and  the  ratio  (maximum  speed/average  speed)  being 
known. 


♦  The  Engineering  Examination  Papers  of  the  University  of  London  «tfe  publishcni 
regularly  by  the  University  of  London  Press,  and  may  be  obtained  through  Messrs. 
Hodder  &  Stoughton. 
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An  urban  raOway,  with  stations  2560  feet  apart,  operates  at  a  schedule 
speed  of  16  ml.p.h.  The  duration  of  stop  is  20  seconds  and  the  braking 
reteuxlation  is  2  mi.p.h.p.s.  Calculate  the  ctoceleration  required,  assuming 
that  the  maximum  speed  is  22  per  cent,  higher  than  the  average  speed. 
(B.P.  1916.)  [^^.  Acceleration  =  J -2  ml.p.h.p.8.] 

5.  The  draw-bar  pull  of  an  electric  locomotive  hauling  a  goods  train  of 
320  tons  on  the  level  is  1  ton  at  20  miles  per  hour.  What  does  the  pull  become 
on  a  gradient  of  1  in  80  in  order  to  keep  the  speed  the  seune  up  tne  grade  as 
on  the  level.     (/.  E.E.  1914.)  [^^.  4.95  tons.] 

6.  A  tramcar  weighing  8  tons  is  required  to  travel  up  a  bank  of  1  in  20 
at  a  speed  of  8  miles  per  hour,  the  running  friction  beins  20  lb.  per  ton.  Find 
approximately  the  current  taken  at  500  volts  when  tne  two  motors  are  in 
series.     {L.  U.  1910.)  [Ans.  45  amp.] 

7.  How  is  the  energy  consvimption  of  an  electric  train,  making  a  given 
schedule  speed,  affected  by  (a)  the  distance  between  the  stations,  (6)  the 
acceleration,  and  (c)  the  rate  of  braking  ?  What  are  the  objections  to  oper- 
ating a  train  service,  with  short  distances  between  stations,  at  a  high  schedule 
speed  ?  State  exactly  the  manner  in  which  the  rate  of  braking  affects  the 
energy  consumption  for  a  given  schedule  speed  and  acceleration.  {B,P. 
1913.) 

8.  Show  how  the  acceleration  of  the  revolving  parts  of  a  train  is  allowed 
for  in  calculations  relating  to  train  movement.  Calculate  the  effective  weight 
of  the  six -coach  train  of  which  data  follows  : 

Composition  of  train :   2  motor-coaches,  4  trailer-coeiches. 

Motor.coachea :  Weight,  27*5  tons.  Equipment:  one  4-wheel  motor- 
truck with  36-in.  wheels  and  two  200.H.P.  motors,  gear  ratio  3*2 :  1  ;  one 
4  wheel  trailer-truck  with  30-in.  wheels.  Diameter  of  armatures,  18-&  in. 
Wei^t  of  armatures,  1800  lb.  each. 

TraUer-coachea :  Weight,  16*2  tons.  Equipment :  two  4-wheel  trucks 
with  30.in.  wheels. 

Weight  of  wheels :   Motor -trucks,  900  lb.  ecwh  ;  trailer-trucks  650  lb.  each. 

Note. — kir  may  be  taken  as  0*77  for  wheels  and  0-7  for  armatures. 
ib=radius  of  gyration,  r=extemal  radius.     (B.P.  1912.) 

[Ana.  133  tons.] 

9.  Make  a  preliminary  estimation  of  the  energy  consumption  for  a  six- 
coach  electric  train  running  between  two  stations  1 1  miles  apart  at  an  average 
speed  of  26  miles  per  hour.  There  is  a  uniform  "  up  '*  gradient  of  1  in  175 
between  the  stations.  The  acceleration  and  braking  retardation  on  level 
track  are  respectively  1-0  and  2-0  ml.p.h.p.8.  Weight  of  train=215  tons. 
Effective  weight=243  tons.  Train  resistance  may  be  taken  at  10  lb.  per  ton 
at  all  speeds.     (B.P.   1911.)  [An8.  648  wh./t.ml.] 

MoTOBs. — Chapters  IV- VII 

10.  For  the  frequent  stopping  and  starting  essential  to  urban  and  subiurban 
tramway  or  railway  service  what  type  of  continuous-current  motor  is  in 
general  use  and  why  ?     (I. E.E.  1914.) 

11.  Why  are  motors  possessing  a  **  series  **  characteristic  used  for  electric 
traction  ?  Under  what  conditions  could  motors  possessing  a  "  shunt  ** 
characteristic  be  adopted  ? 

How  is  the  division  of  load  between  two  series  motors  on  a  tramcar  affected 
by :  (a)  wear  of  the  wheels,  (b)  a  difference  in  the  speed  curves  of  the  motors  ? 
{B.P.  1916.) 

12.  The  air  gap  of  one  of  the  series  motors  on  a  tramcar  is  slightly  less 
than  that  of  the  other,  but  the  motors  are  otherwise  alike.     How  will  they 
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Bhaire  the  load  between  them  when  (a)  in  full  series,  and  (6)  in  full  paralleL 
Give  reasons  for  your  answers,  and  say  how  the  differences  may  be  approxi- 
mately compensated.     {L.U,  1910.) 

13.  The  500 -volt  motors  on  a  tramcar  have  resistances  of  0-3  ohm  and 
0*2  ohm  for  field  and  cunnature  respectively.  When  running  in  full  parallel, 
at  an  efficiency  of  88  per  cent,  and  at  660  r.p.m.,  each  develops  a  torque  of 
180  lb. -ft.  Determine  the  percentage  weakening  of  the  field  required  to 
increeise  the  speed  to  720  r.p.m.,  the  torque  remaining  unchanged.  (L.  U. 
1911.)  [Ans.  8*6  per  cent.l 

14.  In  what  way  has  the  introduction  of  commutating  poles  into  traction 
motors  led  to  a  reduction  in  the  energy  required  per  ccur  mile  7  Describe 
the  necessary  modifications  in  the  controller.     {L.U.  1912.) 

15.  Draw  a  vector  diagram  for  a  single -phase  commutator  motor  and 
explain  how  the  termined  voltage  is  built  up  from  the  internal  voltages ; 
show  how  the  power-factor  is  determined  from  the  diagram.     {L.  U.  1912.) 

16.  Describe  some  form  of  single-phase  commutator  motor,  and  explain 
with  the  help  of  vector  diagrams  its  mode  of  operation  under  different  con- 
ditions of  loetd.  Why  is  commutation  more  difficult  than  in  a  continuous- 
current  motor  ?     How  are  these  difficulties  overcome  ?     {L.U.  1915.) 

17.  How  does  the  problem  of  commutation  in  the  continuous-current 
series  motor  differ  from  that  in  the  same  type  of  motor  intended  for  alternate 
currents  ?  Ck)mp£kre  the  methods  used  in  practice  for  obtaining  satisfactory 
commutation  in  the  alternate-current  conunutator  motor.     {L.U.  1915.) 

18.  Discuss  the  question'  of  the  most  suitable  frequency  for  singje-phase 
main  line  traction.     (C  db  O.  1911.) 

19.  State  the  advantages  of  cascade  control  of  induction  motors  for 
traction  work.     Define  the  term  "  cascade  synchronous  speed."     {L.U.  1911.) 

20.  Show  how  to  calculate  the  performance  curves  of  a  continuous-current 
tra<5tion  motor.  Assume  all  the  necessary  data  for  one  value  of  the  current, 
and  the  curves  connecting  the  current  with  the  field  strength  and  with  the 
iron  losses.  Show  how  to  find,  for  different  currents,  the  speed,  the  brake  H.P., 
the  efficiency,  and  the  torque.     {L.U.  1913.) 

Control. — Chaftjsbs  VIII-XII 

21.  What  are  the  advantages  of  the  series-parallel  system  of  control 
as  applied  to  electric  traction  by  means  of  continuous  currents  ?  Give 
diagrams  showing  the  connections  made  at  each  step  during  starting  and 
braking.  Show  by  a  diagram  what  is  the  saving  in  energy  secured  by  this 
method  during  starting.  What  further  saving  can  be  secured  by  using  four 
motors  instead  of  two  ?     {L.U.  1915.) 

22.  Explain  the  series-parallel  system  of  control  cts  applied  to  electric 
traction.  Neglecting  the  resistances  of  the  motors,  show  that,  with  constant 
motor  current  and  constant  line  voltage,  the  rheostdt  losses  during  starting 
two  motors  on  the  series -parallel  system  are  one-half  of  those  when  the  motors 
are  started  on  the  rheostatic  system  {i.e.,  both  motors  in  parallel  throughout 
the  starting  period). 

Explain  the  various  methods  of  transitionfrom  series  to  parallel,  andmention 
the  suitability  of  these  methods  for  (a)  tramway  service,  (6)  suburban  rail- 
way service  with  motor -coach  trains.     {B.P.  1916.) 

23.  A  tramcar,  or  the  motor-coach  of  an  electric  train,  is  equipped  with  two 
continuous-current  series  motors.  Give  a  diagram  showing  first  series  and 
then  parallel  connections  of  the  motors,  with  the  successive  cutting  out  of 
the  resistances  from  the  motor  circuit,  assuming  four  controller  notches  with 
the  motors  in  series  and  four  with  the  motors  in  parallel.     (LE.E.  1914.) 

24.  Show,  by  means  of  diagrams,  how  the  transition  from  "  series  *'  to 
"  p€krallel  "  is  effected  in  a  modem  tramcar  controller.  Explain  the  "  bridge  " 
method  of  transition,  and  state  the  advantages  of  this  method  for  heavy 
suburban  services.     (B.P.  1915.) 
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25.  Show  two  methods  of  conneoting  the  motors  on  a  tramicar  for 
electric  braking,  stating  what  alterations  are  necessary  in  the  connections 
between  running  and  braking.     (Part  question:   B.P.  1914.) 

26.  What  conditions  have  to  be  satisfied  when  traction  motors  have  to 
be  used  for  electric  braking  ?  Show,  by  means  of  diagrams,  alternative 
methods  for  connecting  up  the  motors,  rheostats,  and  magnetic  trcK^k-brakes. 
(Part  question:  L,U,  1915.) 

27.  Draw  a  diagram  showing  the  connections  of  a  controller  suitable  for 
effecting  a  series-i)arallel  control  of  two  series  motors.  Steps  are  to  be 
provided  for  electric  braking,  but  no  provision  need  be  made  for  reversing. 
\L,U.  1916.) 

28.  Explain  the  principle  of  the  multiple-unit  system  of  train  control. 
What  are  the  advantages  of  this  system  for  motor-coach  trains  t  What 
apparatus  is  required  on  (a)  each  motor-coach,  (b)  each  trailer -coach  of  the 
train  ? 

How  can  the  system  be  adapted  for  automatic  control  ?     (B.P.  1916.) 

29.  Explain  the  action  of  a  "  limit  switch  "  in  connection  with  continuous- 
current  traction  controller  systems.  Give  a  diagram  of  the  main  connections 
in  a  particular  system  of  control,  and  show  how  the  limit  switch  is  introduced. 
{L,U.  1909.)  [AiUhor'8  Note, — Tlie  terra  "limit  switch"  is  here  used  to 
denote  the  simplified  form  of  accelerating  relay  without  potential  coils.  See 
Figs.  169,  160,  163,  166,  pp.  187,  189,  193,  196.J 

30.  Give  an  approximate  method  for  calculating  the  values  of  the  re- 
sistances for  the  various  steps  of  a  tramway  controller  on  the  series  parallel 
system.     (L.  U.  1912.) 

31.  Determine  the  magnitudes  of  the  resistances  for  the  series  notches 
of  a  tramcar  controller  to  control  two  40-H.P.,  500-volt,  500  r.p.m.  motors. 
The  (hot)  resistance  of  each  motor  is  0*66  ohm ;  the  current  limits  during 
acceleration  are  84  and  60  amperes  ;  and  the  speeds  of  the  car  corresponding 
to  these  currents  are  8*8  and  10'2  ml.p.h.,  respectively,  with  normal  voltage 
on  e€K;h  motor. 

[Ans.  R,—R4  =4-66 ohms  ;  Ra-R4=2-76ohms  ;  Rj— R4  =  1'23  ohms.J 

32.  Give  diagrams  of  the  connections  and  describe  the  methods  used  for 
obtaining  a  variable  voltage  from  a  static  transformer  for  the  control  of  a 
single -phfise  motor  for  electric  traction.     {L.  U.  1909.) 

33.  Describe  two  forms  of  controlling  apparatus  used  for  regulating  the 
voltage  applied  to  a  single -phase  traction  motor  when  the  supply  line  delivers 
high-pressure  current  at  a  nxed  voltage.     (L.  C7.  1913.) 

34.  Make  a  comparison  of  the  continuous-current  and  alternating-current 
contactor  systems  of  control  of  traction  motors.  Point  out  their  relative 
advantages.     Sketch  a  diagram  of  connections  in  each  case.     {L.U.  1914.) 

35.  Sketch  and  describe  a  good  form  of  electromagnetic  contactor  for 
use  in  a  railway  operated  on  a  continuous-current  system :  point  out  the 
difference  in  design  between  it  and  a  contactor  for  use  on  a  single -phase 
alternating-current  system.     {L.U.  1912.) 

36.  Describe  with  sketches  one  good  form  of  alternating-current  electro- 
magnet, showing  how  chattering  is  reduced.  What  is  the  importance  of  such 
apparatus  in  single-phase  contcbctor  systems  ?     {L.U.  1913.) 

37.  Explain,  with  sketches,  the  method  of  operating  a  railway  train  by 
three -phfikse  induction  motors  working  with  "  cascade  "  connections,  amd 
describe  the  gear  which  is  used  for  starting.  What  are  the  chief  objections 
to  this  system.     (C.  d:  O.  1913.) 

38.  Describe  the  methods  of  regenerative  control  met  with  in  continuous- 
current  and  in  alternating-current  traction,  and  criticise  their  advantages 
and  disadvantages.  Illustrate  your  answer  by  suitable  diagrams  of  con- 
nections.    {L.U.  1916.) 

39.  DiscTiss  the  cbdvantages  and  disadvantages  of  providing  means  whereby 
power  can  be  generated  by  the  motors  on  a  tramcar  and  returned  to  the  line 
during  the  braking  period.     {C.  db  O.  1913.) 

2t 
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KoLLTNG  Stock  and  Looomotives. — Chapters  XV-XVII 

40.  Sketch  and  describe  one  good  form  of  magnetic  track  brake  for  use 
on  a  tramway,  and  show  how  it  is  energised.  Calculate  the  vertical  pull 
and  estimate  the  horizontal  drag  exerted  if  the  area  of  each  pole  is  5  square 
inches  euad  in  which  the  iron  is  magnetised  to  an  induction  density  of  18,000 
C.G.S.  units.     {L.  U.  1914.) 

[Ans.  Vertical  pull  =0*83  ton.  Horizontal  drag  (assuming  coefficient  of  fric- 
tion =0*26)  =0*208  ton.] 

41.  A  magnetic  track  brake  for  a  tramway  has  to  be  designed  for  a  pull 
of  one  ton.  Choose  a  suitable  value  for  the  induction  density,  and  calculate 
the  polar  area.     How  is  such  a  brake  energised  in  practice  ?     {L,U,  1915.) 

[Ans,  Polar  area  (for  B= 18,000)  =  12  sq.  in.] 

42.  Sketch  and  describe  the  mechanism  by  which  energy  is  transmitted 
to  the  driving  wheels,  from  two  motors,  in  the  case  of  an  electric  locomotive. 
Point  out  how  the  mechanism  overcomes  the  difficulties  met  with  in  the 
earlier  forms  of  locomotives.  Show  how  the  motors  are  suspended.  {L.  U. 
1914.) 

43.  Discuss  the  relative  merits  of  high -pressure  single -phase  and  moderate- 
pressure  continuous-current  locomotives  for  main  lines,  paying  particular 
attention  to  the  following  points :  (a)  weight  of  locomotive  per  H.P., 
(6)  regulation  of  speed  and  trekctive  effort,  (c)  efficiency,  (d)  simplicity  of 
design  and  operation.     (C  db  O,  1914.) 

Tbain  Kesistanoe. — Chapter  XVIII 

44.  If  the  resistance  to  movement  of  a  vehicle  requires  an  input  of  2 
watt-hours  per  ton-mile  for  every  pound  per  ton  resistance  when  the  efficiency 
of  conversion  is  100  per  cent.,  state  what  a.ctual  input  in  kilowatt-hours  per 
mile  you  would  expect  to  supply  to  the  motors  : — 

(o)  For  a  motor-coach  train  weighing  100  tons,  equipped  with  600-volt 
continuous-current  motors,  when  running  continuously  at  30  miles  per  hour 
on  the  level. 

(6)  For  a  tramccir    weighing    35  tons    when    nmning    continuously    at 
12  miles  per  hour  on  the  level.     {I.E.E.  1914.) 

[Ans.  (a)  2'1§.  (6)  1*69.  Notb. — Train  resistemee  of  motor-coach  train  ==9*6  lb. 
per  ton.  Efficiency  of  motors =88  per  cent.  Resistance  of  tramcar=20  lb.  per 
ton.     Efficiency  of  motors  =83  per  cent.] 

Speed -TIME  Curves  and  Energy  Consumption. — Chapter  XIX 

45.  Make  out  a  diagram  giving  approximately  the  relation  between 
speed,  torque  and  armature  current  of  a  600-volt,  continuous-current  traction 
motor,  whose  normal  rating  for  one  hour  is  36  H.P.  at  600  r.p.m.  Choose 
a  suitable  gear  ratio  for  use  with  two  such  motors  on  a  car  and  show  what 
average  speed  can  be  obtained  on  the  level  with  a  car  weighing  16  tons, 
which  makes  stops  of  10  seconds  every  two  minutes.  The  running  resistance 
may  be  taken  at  15  lb.  per  ton  and  the  braking  at  150  lb.  per  ton.  Neglect 
the  flywheel  effect  of  the  motors.     (C  dh  O,  1913.) 

[Ans.  Schedule  speed  (with  30-in.  wheels  and  5*36  :  1  gear  ratio)  — 15  nil.p.h.j 

NoTK. — Motors  are  geared  to  give  a  car  speed  of  10  ml.p.h.  at  full  loa<l.  Char- 
acteristics of  motor  (for  30-in.  wheels  and  5'36  :  1  gear  ratio)  : — 

Amperes     ....        65  45  38  30  25  20 

Speed  (ml.p.h.)  10  121  132  15-4  174  202 

Tractive  effort  (lb.)    .  1310  765  614  410       '290  191 
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46.  A  six-coach  electric  train,  consisting  of  two  motor-coaches  and  four 
trailers,  operates  on  an  underground  tube  railway  at  a  schedule  speed  of 
15  miles  per  hour  with  stops  of  15  seconds*  duration.  Calculate  the  speed - 
time  curve  and  energy  consumption  of  this  train  for  a  run  between  two 
stations  0*38  mile  apeurt,  assimiing  the  train  to  be  supplied  with  continuous 
current  at  a  constant  voltage  of  550  volts  and  the  tra^ck  to  be  level  and 
straight. 

The  weight  of  train  with  passengers  is  138*5  tons  ;  the  effective  weight 
is  151-7  tons,  and  the  total  length  is  300  feet.  Ectch  motor -coach  is  equipped 
with  two  200-H.P.,  550- volt  continuous-current  motors,  which  are  geared 
to  36-in.  wheels,  the  gear  ratio  being  3*37 :  I.  The  characteristics  of  the 
motors  at  560  volts  are  as  follows  : — 
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Speed  (ml.p.h.) 
IVactive  effort  (lb. ) . 

The  average  accelerating  current  per  motor  is  300  amperes :  the  braking 
retardation  is  2  ml.p.h.p.s. :  the  train  resistance  may  be  assmned  at  8  lb. 
per  ton  for  all  speeds  ;  and  the  apparent  train  resistance  during  coasting 
may  be  assumed  at'  11*3  lb.  per  ton. 

[d«-    Q,.^^  ♦ir««o,,n,,o.r^"ne(8ec.)       .       19-6    23-2    26*2    32*5*    65*lt    76-2 
l^n«.  Speed-time  curve  :  ^  gp^^^  ^^ij^j^^       ^g.^    21*3    22*9   26-5      22-2         0 

Energy  consumption  : — 82*6  watt  hours  per  ton  mile.] 

47.  Under  €u;tual  service  conditions  the  train  of  the  preceding  example 
operates  on  a  graded  straight  track  with  stations  at  the  same  level.  The 
profile  of  the  track  between  centres  of  station  platforms,  in  the  direction 
of  running,  is  as  follows  : — 

210  ft.  level ;  240  ft.  1  in  30  down ;  870  ft.  level ;  480  ft.  1  in  60  up ; 
210  ft.  level. 

Calculate  the  speed-time  curve  and  energy  consumption  of  the  train 
for  the  actual  running  conditions,  Sissiuning  data  as  above. 

[Ans.  Speed-time  I  Time  (sec.)     .      18      20   23]    28'6*  43*2    532   58*9  67-2t   762 
curve:      I  Speed  (ml.p.h.)  18'7  211    24      271    256    22*9   20*4      18        0 
Energy  consumption  : — 71*8  watt  liours  per  ton  mile.] 

Tbaok-woek  and  Overhead  CoNSTBucrriON. — Chapters  XXIII-XXV 

48.  Sketch  and  describe  a  good  method  for  supporting  a  third  rail  I  in  the 
case  of  a  continuoUs-current  traction  System,  and  indicate  its  position  relative 
to  the  running  rails.  State  approximately  the  electrical  conductivity  of 
each  of  the  above  types  of  rail,  and  the  weight  in  lb.  per  yard  run.  {L.  U. 
1914.) 

49.  A  double  line  of  tramways,  with  an  overhead  trolley  wire  for  each 
line,  in  streets  60  ft.  wide,  changes  its  direction  through  a  right  angle.  Poles 
between  tiracks  being  prohibited,  sketch  the  method  you  would  propose  for 
supporting  the  trolley  wires  round  the  curve.     (I.E.E.  1914.) 

50.  Describe  the  construction  of  an  overhead  system  of  single -phase 
traction  with  special  reference  to  some  good  method  for  neutralising  the 
fall  of  voltage  occurring  in  the  line  and  the  return  rails.  Give  reasons  for 
the  special  importance  of  this  drop  of  voltage  in  alternating-current  tra^ction. 
{L,  17.  1913.) 

51.  What  is  meant  by  "  catenary  suspension  "  in  electric  tretction  ?  Point 
out  its  advantages  and  disadvantages  compared  with  other  methods  of  effecting 
the  same  purpose.     Give  a  sketch  of  a  modem  arrangement.     {L,U.  1911.) 

52.  Give  details  of  the  construction  of  a  catenary  suspension  for  a  6000- 
volt  single-phase  overhead  line,  and  also  of  a  suitable  bow  collector.  ( L.  U, 
1915.) 

*  Power  off.  t  Brakes  applied.  X  ^•^'  ^  conductor  rail. 
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Feeding  and  Distributing  Systems. — Chapter  XXVI 

53.  What  are  the  Board  of  Trade  regulations  as  affecting  vcuriation  of 
declared  voltage  at  consumer's  terminals  on  public  supply  systems,  and 
the  allowable  (&op  in  voltage  in  the  rails  of  tramway  systems  ?  In  the  latter 
case  show  what  can  be  done  to  comply  with  these  regulations  when  the  voltage 
drop  would  otherwise  exceed  the  limit  allowed^     (£.  C/.  1914.) 

54.  Discuss  the  causes  of  electroi3rtic  corrosion  of  pipes  arising  from 
stray  currents  from  a  traction  system  in  a  large  town.  What  precautions 
should  be  adopted  to  minimise  corrosion  (a)  in  matters  relating  to  the  pipes, 
if))  in  matters  relating  to  the  traction  system.  Show  how  a  negative  booster 
should  be  connected  and  operated  to  reduce  stray  currents.     (C.  <£?  6^.  1913.) 

55.  In  a  town  with  an  alternating-current  supply  of  electricity  for  lighting 
and  a  continuous-current  supply  for  a  tramway,  the  tram  rails  forming  the 
earthed  return,  the  tramway  runs  for  some  distance  close  beside  a  railway. 
During  Saturday  afternoon  football  traffic  it  is  foiuid  that  the  signalling  track 
circuits  on  the  railway,  worked  at  2  volts  from  a  battery  and  using  the  earth 
for  the  return,  are  interfered  with  but  at  no  other  time.  Describe  why 
this  is  so,  and  suggest  the  remedy.     (I,E.E,  1914.) 

56.  A  double  track  tramway,  21  miles  long,  is  loaded  at  the  rate  of 
400  kw.  per  mile.  Assuming  the  suD-station  at  one  end  of  the  road,  show 
a  system  of  negative  feeding  which  will  keep  the  rail  drop  under  3  volts. 
The  resistance  of  the  two  tracks,  including  bonds,  may  be  taken  as  0*005  ohm 
per  mile.     (C.  dh  Q,  1915.) 

57.  A  fault  occurs  on  a  conduit  tramway  system  supplied  through  section 
feeders.  How  would  you  determine  at  the  station  whether  it  is  on  the  main 
conductors  or  on  the  car  ?  If  on  the  car,  show  how  it  is  possible  to  ascertain 
quickly  (a)  whether  the  fault  is  a  dead  earth  or  a  partial  one,  (6)  whether  on 
the  positive  or  the  negative  side,  or  (c)  between  conductors  without  earth. 
(jL.  U,  1909.) 

58.  In  a  tramway  station  in  a  small  town  taking  its  supply  from  a  power 
company,  state  how  you  would  determine  the  position  of  the  sub-station  to 
give  the  greatest  economy  in  the  feeders,  and  the  arrangements  you  would 
make  to  secure  an  even  distribution  of  potential  in  the  trolley  sections.  What 
arrangements  would  you  make  to  minimise  stray  currents  in  the  ground. 
(C.  <Sb  O.  1914.) 

59.  A  continuous-current  railway  line  (double  track),  ten  miles  long, 
with  the  trains  on  each  track  spaced  one  mile  apart,  requires  an  average 
supply  of  power  of  6000  kw.  at  600  volts.  The  generating  station  can  only 
be  placed  at  one  end.  What  alternating-current  voltage  and  frequency  will 
you  adopt  for  the  transmission,  where  will  you  put  the  sub -stations,  and  what 
sizes  of  feeders  and  other  conductors  will  you  use  so  as  to  get  the  greatest 
economy  in  annual  cost  ?  Assume  that  the  daily  average  supply  of  energy 
to  the  trains  is  80,000  kw. -hours,  and  that  a  kw.-hour  can  be  produced  at  the 
power  house  for  ^.     (C  <£?  (7.  1915.) 


SUB-STATIONS. — CHAPTER   XXVII 

60.  A  rotary  converter  with  six  slip  rings  is  fed  from  the  secondaries 
of  a  three-phtise  transformer  with  star-connected  primaries.  Elach  primary 
coil  has  ten  times  as  many  tiu'ns  as  the  secondary.  A  load  of  200  amperes 
at  500  volts  is  taken  from  the  continuous -current  side.  Draw  carefully 
a  diagram  of  the  connections,  and  also  a  vector  diagram  showing  the  magni- 
tude and  phase  relationship  of  the  voltages  of  the  line,  of  the  transformer 
coils,  and  of  the  slip  rings.  Calculate  the  approximate  voltages  on  the  mains 
and  the  currents  in  the  primary  coils.  (Assume  the  efficiency  to  be  100  per 
cent,  and  the  power-factor  unity.)     {L.U.  1914.) 

[Ans.  Voltage  at  slip  riugs  (diainetricai),  353  ;  line  voltage,  6100  ;  current  in 
primary  coils,  9*46  amp.  j 
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61.  Give  a  diagram  of  connections  for  a  sub-station  with  transformers 
and  rotary  converters  for  supplying  power  at  600  volts,  continuous  current, 
the  primary  supply  being  10,000  volts,  three  phase.  Calculate  (o)  the  ratio 
of  turns  in  the  transformers,  (6)  the  currents  in  their  windings,  and  in  the 
connections  to  the  slip  rings,  when  working  at  full  locbd  (1000  kw.)  with  a 
power-factor  of  0-96.     (L,  U.  1912.) 

[An8. — (o)  Ratio  of  turns  (A— A)  =32-6.  (6)  Current  in  primary  windings 
=37*8  amp.,  current  in  secondary  windings  =  1206  amp.,  current  in  connections  to 
slip  rings = 2090  amp.  ( Assumed  efficiencies  :  rotary  converter,  95  per  cent. ;  trans- 
formers, 98  per  cent.)] 

62.  Comp£ure  critically  the  foUowing  methods  of  starting  rotary  con- 
verters :  (o)  steurting  electrically  from  the  continuous-current  side,  (6)  starting 
electrically  from  the  alternating-current  side,  (c)  steurting  mechanically  by 
a  small  motor.  Consider  the  matter  imder  the  following  headings :  (d)  ea.se 
of  operation,  (e)  time  taken  to  come  into  synchronism,  (/)  reliability  in  times 
of  stress  when  generating  voltage  is  unstecuiy.     (C  <Ss  O.  1914.) 

63.  Describe  the  v€u*ious  methods  used  to  start  and  synchronise  a  roteuy 
converter  in  a  traction  sub -station.  State  the  advantages  and  disadvantages 
of  each  method.     {C,  dh  O,  1916.) 

64.  What  appcu^tus  is  contained  on  a  Board  of  Trade  panel  in  a  traction 
supply  station  ?  Explain  the  tests  ceurried  out  and  point  out  the  object 
of  each.     [L.  U.  1910.) 

65.  A  tramway  sub -station  having  an  output  of  1500  kw.  at  600  volts 
is  supplied  with  power  at  6000  volts  from  three-phase  mains.  Make  a  careful 
diagram  of  the  connections,  and  show  a  suitable  arrangement  of  the  sub- 
station plant.     {L.U.  1913.) 

66.  A  railway  working  on  a  600-volt  continuous-current  system  has 
sub-stations  spekced  five  miles  apart.  The  pressure  drop  midway  between 
feeding  points  is  found  to  be  excessive.  What  methods  would  you  propose 
for  improving  the  regulation  ?  If  cbdditional  sub -stations  are  erected,  where 
would  they  be  placed,  and  what  plant  would  be  installed  in  them  ?  Give 
sketches  of  the  arrangements  in  a  sub-station  suitable  for  handling  a  peak 
load  of  2000  kilowatts.     (C.  <fc  (?.  1916.) 

67.  A  suburban  railway  about  twenty  miles  in  length  has  a  regular  service 
of  stopping  trains  and  occasional  non-stop  trains,  both  of  the  multiple-unit- 
controlled  motor-coach  type.  Current  is  supplied  to  the  trains  through 
conductor  rails  from  rotary  converter  sub-stations  supplied  from  a  three- 
phase  generating  station  at  11,000  volts  between  conductors.  Discuss  the 
separate  efficiencies  and  the  overall  efficiency  you  would  expect  to  obtain 
between  the  high-tension  switchboard  in  the  generating  station  and  the  motor- 
driven  axles  of  the  train :  (a)  For  the  frequent  stopping  service,  (6)  for 
the  infrequent  stopping  service.     {I,E.E,  1914.) 
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AcGELBRATma  relay,  165,  183. 

Acceleration,  approximate  calculation  of 
energy  required  for,  22. 

influence  of,   on  energy  consump- 
tion, 441. 

on  schedule  speed,  13. 

-   -  -  initial,  values  of,  10. 

limitations  to  high  values  of,  11. 


Accelerometer,  principle  of,  140. 
Adhesion,  coefficient  of,  356. 
Adhesive  weight  of  motor-coaches,  324. 

of  locomotives,  410. 

Air  compressors,  291. 

resistance,  413! 

curves  for  motor- coach,  349 f 

414. 
Automatic  frog,  428a.  518. 

liquid  rheostat,  264. 

Axle  boxes,  303. 

Bar  suspension  for  tramway  motor,  21, 
36. 

Board  of  Trade  Regulations,  633. 

.  Panel,  616. 

Bonds,  for  tramway  rails,  488. 

for  conductor  rails,  503. 

Booster,  negative,  579. 

use  of,  in  testing,  124. 

— . .  _  with  feeders,  673. 

Booster*transformer,  method  of  connect- 
ing, 593. 

Bow  deflectors,  659. 

Brake  ngging,  303,  315,  317,  322,  336. 

Brakes,  compressed  air,  general  arrange- 
ment of,  296,  353. 

•  for  railway  trains,  360. 

—  for  tramcars,  317. 

-  -  -  magnetic,  319. 

-  -    -  Peacock  (geared),  318. 
vacuum,   general  arrangement  of. 


294,  351. 

Braking,  regenerative,  forms  of,  262  ei 
aeq. 


Braking,  rheostatic,  147. 
Bus-Une  coupler  plug,  285,  341. 

Calculatio'n  of  energy  consumption,  438 

ei  seq. 
— — -  of  feeders,  572. 

of  inductance  of  trolley  wire,  691. 

of  length  of  distributing  section,  57 1. 

-  - —  of  lengths  of  droppers,  536. 
of  rheostat  sections,  201. 

-  -   -  of  speed-time  curves,  426  et  seq. 

-  ^-  of  tension  in  trolley- wire,  621. 
catenary  wire,  535. 


-  puU-off  wires,  628. 
span-wires,  526. 


Car  wiring,  281. 
Cascade  control,  103.  « 

Catenary  construction,  effect  of  tempera- 
ture. 540. 

-  examples  of,  643  et  aeq. 

-  -  -  types  of,  532. 

Characteristic  curves,  C.C.  motors,  30,  31, 
32,  47-49. 

-  method  of  obtaining,  127. 

-  -  -  single-phase  motors,  68,  74,  77,  88, 
96.  99. 

three-phase   motors,    89,    92,    116, 

119. 
Circuit- breakers  for  motor-coaches,  180. 

-  -   -  for  tramcars,  279. 
Collectors  (current),  bow,  286. 

-  pantagraph,  289. 

trolley,  273. 

Collector  shoes,  282. 

Commutating  poles,  advemtages  of,  43. 

■ methods  of  exciting,  59. 

CoEomutation  in  C.C.  motors,  30. 

— — -  in  single-phase  motors,  55,  73,  78, 

85. 
Compressors  (air),  291. 
Conductor  rcdls,  bonding,  502. 

for  conduit  tramways,  477. 

• for  railways,  494. 
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Conductor  rails,  sectionalising  of,  587. 
Conduit  tramways,  centre  slot,  473. 
— " — -  fault  testing,  619. 

side  slot,  483. 

Connection  diagrams  (control) — 

brake  cylinder,  12 U  149. 

controller  for  single-phase  motor, 

190.  220. 


(rheostatic)    for    three-phase 

motor,  207y  208,  242. 

(master)  for  three-phase  motor. 


210,  244. 


for  cascade  control,  21  If  246  ; 

212f  247  ;   214,  249. 

-  for  regrouping  windings,  213, 


248. 

L_  for  pole  changing,  221,  259. 

— ■  multiple  -  unit  system :  —  electro- 
magnetic (B.T.-H.).  149,  175;  150, 
176  ;  151,  178. 

(A^.G.),  200,  230. 

(Siemens),  202,  233. 

- —  -  —  electro-pneumatic  (W.),  C.C., 
159,  187;  160,  189;  163,  193  ;  166,  196. 
-   (W.),  A.C.,  201,    232; 


203,  235  ;  206,  238. 

—  reversing  cylinder,  120,  1 49. 

—  series-parallel  controllers  (simple), 
116,  146;  117,  147;  118,  148;  123, 
150;   138,  162;   139,  163. 

B.T.-H.  (B49),  129,  164. 

Dick,  Kerr  (DM4),  141,  168. 

Westinghouse  (T  2),  134,  158. 

(PK),  166,  196. 


Connections  for- 

Board  of  Trade  Panel,  503,  616. 

—  "  bridge  "  transition,  119,  149., 

core-loss  test  (C.C),  99,   131  ;    101, 

133. 


(single-phase),  104,  135. 
direct-control  system,  141,  168. 
dynamotor,  247,  292. 
efficiency  tests,  97,  129. 
feeder   pillar   (conduit   tramways). 


475,  582. 


— (negative),  474,  582. 

—  feeding  (single-phase  railways),  482, 
593 ;    484,  596. 

load  tests  on  traction  motors,  95, 


124. 
-  multiple-unitsy8tem(C.C.),  7^0, 176. 


power  circuits  on  tramcar,  236,  281. 

regenerative    braking,    225,    268 ; 

226.  271. 

rheostatic  braking,  122,  150. 

rotary  converters,   500,    611;    501, 


612. 
•  switchboard  for  testing  motors,  96, 

125. 
test  panel,  conduit  tramways,  506, 

619. 


transformers,  3-phase/6-phase,  489, 

490,  602. 
Connections  for  control  of — 
brush-shifting  repulsion  motor,  205, 

237. 


Connections  for  control  of — 

C.C.  motors  on   2400-volt    circuit, 

167,  198. 

-  — ■  compensat'Cd-repulsion  motor,  200, 
230. 

compensat-ed -series  motor,  201,  232; 

202,  233. 

doubly-fed  motor,  204,  236. 

'■ — - —  three-phase  motors,  209,  244. 
Contactors,  171,  192,  194,  200,  215,  218, 
Control,  systems  of — 
for  C.C.  railway  motors,  165  et  aeq, 

-  -  for  C.C.  tramway  motors,  141  e<  seq. 
for  regenerative  braking,  266  el  aeq, 

-  —  for  single-phase  motors,  207  et  aeq. 
for  three-phase  motors,  240  et  aeq. 


Controllers,  railway,  165. 
— ■ —  tramcar,  151  et  aeq. 
Controllers,  master-,  continuous-current. 
174  192. 

single-phase,  225. 

three-phase  258. 

Coupler  plugs,  bus-line,  285,  341. 
•  control  circuit,  148,  174. 

Distributing    systems    for    A.C.  rail- 
ways, 589. 

for  C.C.  railways,  583. 

for  treunways  (positive),  576. 

for  treunways  (negative),  578. 

Double  series-parallel  control,  144. 
Dynamotor,  292. 

Effective  weight,  calculation  of,  19. 
Electric  braking  (rheostatic),  147. 

(regenerative),  266. 

Energy  consumption,   detailed  calcula- 
tion of,  438  et  aeq. 

■ of  field-control  equipment8»  460. 

•  of  single-phase  equipments,  464. 

Equations — 

acceleration  (8),  12. 

air-resisteufice  coefficient  (84),  418. 

-  -     cascade  speed  (24),  104. 

correction  of  speed  (28),  128. 
current  density  in  feeder  (57),  673. 
— with  booster  (58),  574. 

—  -  -  dynamic  E.M.F.  (repulsion  motor), 

(17),  69. 

-  -    -  effective  weight  (7),  19. 

—  efficiency  (27),  126. 

-  -    ~  energy  for  acceleration  (10),  22. 

—      train  resistance  (11),  24. 

—  -    -  external  E.M.F.  (doubly-fed  motor) 
(20),  78. 

-  force  for  acceleration  (8),  18. 
for  gradient,  (8),  20. 

-  grading  of  starting  rheostats  (81, 
82).  203. 

-  impedemce  drop  (59),  589. 
-  -  inductance  (60),  590. 

-  — of  trolley-wire  and  rail  system 

(62),  591. 

length  of  droppers  (58),  637. 

(stretched)  of  trolley- wiro  (46). 


523. 
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Equations — 

magnetising  current  (26),  109. 

maximum  speed  of  train  (1),  12. 

output  of  single-phase  motor  (16)» 58. 

power-factor  of  ideal  series  motor 

(14),  54. 
— —  pull  on  poles  ((H)),  526. 

sag  of  catenary  wire  (56),  541. 

trolley-wire  (44),  522. 

—    -  speed  of  car  (29),  128. 

-_ c.c.  motor  (18),  27. 

—  three-phase  motor  (21),  102. 


-speed  (cascade)  (24),  104. 

correction  of  (28),  128. 

(maximum)  (1),  12. 

static  E.M.F.  (in  repulsion  motor). 


(18),  69. 

—  tension  in   catenary   wire    (single) 
tension  in    catenary  wire   (single) 


(52),  536. 

(double)  (55),  539. 

-  pull-off  wire  (51),  538. 

—     -    -  span  wire  (50),  538. 

-trolley wire (48), 524;  (49), 525. 


time  (dynamical  equation),  (48),  436. 

torque  (C.C.  motor)  (12),  26. 

tluee-phase  motor  (22),   102  ; 

(26),  1 10. 

tractive-effort,  (80),  128. 


train  resistance  (Aspinall)  (88),  416. 

-  (loco.-hauled  trains   (85,  86), 


419. 


421. 


(motbr-coach  trains  (87,  88), 


Feeders,  design  of,  572. 

negative,  578. 

Feeder  pillars,  580. 

Feeding  systems  for  A.C.  railways,  689. 

for  C.C.  railways,  583. 

—  for  tramways,  576. 
Field  control,  advantages  of,  450. 
— — controllers  for,  163. 
Formulae,  aee  Equations. 

Gearing,  properties  of,  40. 
Gear  ratio,  effect  of,  on  energy  consump- 
tion, 444. 
Governor  (for  air-compressor),  291. 

Inductance  of  trolley- wire,  590. 

• of  track  rails,  593. 

Induction  regulator,  208. 

arrangement  of  windings,  222. 

combination  with  contactors,  213. 

method  of  control,  212. 

Insulators  for  conduit  tramways,  477. 

for  conductor  rails,  494. 

section,  aee  Section  Insulators. 

strain  (for  tramways),  511. 


LiOHTNiNQ  arresters  (tramctu"),  279. 

Line  relay,  use  of,  188. 

Locomotives,    arrangement    of    control 

apparatus,  368. 
oharcMteristio  features  of,  357. 


Locomotives,  data  of,  410. 

■  double  connecting-rod  drive,   336, 

401. 

examples  of  C.C,  370  et  aeq. 

single-phase,  381  et  aeq. 

split-phase,  401  et  aeq. 


three-phase,  396  et  aeq. 

—  features  in  design  of,  355. 

—  influence  of  wheel  arrangement  on 
running  qualities,  358. 

—  limitations  of  geared,  363. 

gearless,  364. 

side- rod,  366. 

—  performance  curves  of  steam 
electric,  297,  357. 

scotch-yoke  drive,  299,  362. 


and 


side-rod  drive,  298,  359. 

spring  drive,  316,  382. 


Magnetic  blow-out  on  controllers,   151, 
162,  199. 

—  on  contactors,  172,  200,  218. 
Magnetic  track  brakes,  force  of  attrac- 
tion, 323. 

mechaniccJ  operating  gear,  321. 

—  -  skid-proof  device,  321. 
Masterrcontrollers,  aee  Controllers. 
Motors,  armature  winding  for  C.C,  41. 
for  single-phase,. 56,  92,  94. 

—  -  characteristic  curves  C.C,  49. 

— compensated  series,  68,  88. 

_ compensated  repulsion,  74,  96. 

D6ri   77  99. 

three-phase,  89,  116  ;  92,  119. 

commutating  pole  C.C,  43. 

single-phase,  59. 

—  connection    of    windings    for    pole 


changing,  82,  107. 
examples  of  C.C,  32. 

—  —  -  single-phase,  91. 

-  -         -  three-phase,  117. 

—  featiu'es  in  design  of,  31. 

-  -  for  high-voltage  C.C,  46. 

~    -  for  locomotives,  75,  97  ;    ^^,  115 ; 

90,   117;    310,  377;    315,  382;    319, 

385  ;   322,  388  ;   331,  397. 
longitudinal  section  CC,  22,  38. 

—  -—  single-phase,  64,  84  ;   71,  93. 

-  -  method  of  supporting  on  truck,  37. 
operating  voltage  of,  89. 


rating,  44,  117. 

theory  of  brush-shifting  repulsion, 

79. 

—  compensated  series,  52. 

.  compensated  repulsion,  71. 

-  -   _       -  -  continuous  current,  26. 
-  D^ri,  79. 

-   -         -  doubly.fed,  77. 

-  -    -         -  repulsion,  66. 

-  -  three-phase  induction,  101. 

-  -   -  ventilation  of,  39,  116. 
Motor-coaches,  construction  of,  326. 

-  -  -  control  switch-panel  for,  286,  342. 
data  of,  349. 

examples  of,  338  et  aeq. 

high-tension  chamber,  348. 
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Motor-coaches,  trucks  for,  331. 
Motor-coach    trains,    adhesive    weight, 

324. 

■ advantages  of,  324. 

data  of  coaches,  349. 

Motor-generators,  613. 

• efficiency  of,  600. 

Multiple-unit  control  systems,    B.T.-H. 

non-automatic,  170. 
— ■ —  B.T.-H.  automatic,  184. 

British  Westinghouse,  192. 

Westinghouse      electro-pneumatic, 

194. 

Overhead     construction,     at     curves, 
514,  642,  556. 

at  bridges,  564. 

at  junctions,  517,  564. 

in  tunnels,  566. 

calculation   of    tension  in   trolley- 
wire,  521. 

'—  catenary  wire,  636. 

pull-ofi  wires,  628. 

span  wire,  526. 


—  catenary  system,  532. 

—  examples  of  (tramways),  511. 
(C.C.  railways),  646. 

—  - — —  (single-phase  railways),  643. 
(three-phjise  railways),  669. 

—  fittings    for    tramways,    422y    512 
et  aeq. 

—  for  railways,  444^  544  et  aeq. 


Phase-converter,  407. 

circuits  of,  348,  409. 

Plough  collector  for  conduit  tramways, 

277. 
Pole  changing,  method  of  control,  243. 

switch,  connections  of,  221,  259. 

winding,  connections  of,   82,   107  ; 

83y  108. 
Pressure    on  trolley-wire,   variation  of, 

229a,  276. 
Preventive  coil,  use  of,  208, 

Rail  welding,  464. 

Bails,  conductor,  composition  of,  496. 

mounting  of,  494. 

reulway,  composition  of,  492. 

—  -  tramway,  composition  of,  462. 

- dimensions  of,  461. 

-  points  and  crossings  for,  466, 


482. 


resistivity  of,  487. 


Regenerative  braking,  mechanical,  262. 

• electrical,  conditions  for,  264. 

control  systems  for,  266. 

Renewable  rail-checks,  465. 
Resistance  of  bonds  (contact),  490. 
— -  -  of  iron  and  steel,  493. 
-    -  -  of  tramwav  rails,  487. 

-  -  of  trolley- wire,  608. 
Reversers.  174,  224,  256. 
Rheost<ats,  grid,  278. 

calculations  for,  201. 

inductcmce  of  grid,  240. 


Rheostats,  liquid,  263. 

selection  of,  202,  240. 

Rotary  converters,  damping  winding  in 

pole  faces,  495,  606. 

efficiency  of,  600. 

examples  of,  608. 

heating  of,  603. 

—  -  operatuig  features,  605. 

relation  between  speed  and  output, 

494,  605. 

starting  of,  611. 

variation   of   heating   with    power 


factor,  491,  603. 

—  voltage  ratio,  601. 

regulation,  603. 


Sandberg  rail  steel,  462. 

Section  insulators  for  conduit  tramways, 
478. 

for  conductor  rails,  605. 

— for   overhead    railways,    649, 

564. 

-  -— for  overhead  tramways,  616. 

Section  pillars,  580. 

SectioniUisation  of   trolley-wires  (tram- 
ways), 469,  470,  &11. 

conductor  rails,  478,  587  ;  479,  588. 

.. cross-overs,  480,  688. 

trolley-wire    (railways),   482,   693 ; 


484,  696. 

Series-parallel  control,  141. 

Single-phase  motors,  control  of,  207. 

theory  of,  51. 

Span  wire,  610. 

Specific  energy  consumption,  21. 

Speed-time  curves,  calculation  of  maxi- 
mum velocity,  12. 

of  minimum  acceleration,  12. 

detailed  calculation  of,  426  et  aeq. 

examiples  of,  9  et  aeq. 

simphfied,  11. 

Standardisation  rules,  643. 

Starting  rheostats,  calculation  of  sections, 
202.  . 

losses  in,  143,  440. 

Strain  insulators  (tramway),  616. 

(railway),  544. 

Sub-stations,  capacity  of  plant,  616. 

converting  machinery,  698. 

examples  of,  620  et  aeq. 

-  '   -  spacing,  684. 
Switchgear,  616  6<  aeq. 

Testing  stand  for  tramway  motors,  94, 
123. 

switchboard,  connections,  96,  125. 

Tests,  commercial,  122,  133. 
— —  core-loss,  128,  134. 
—      efficiency,  126,  133. 
— -  tabulation  for,  127. 

-  official  (service),  139. 

-  -     service  capacity,  136. 

'-  thermal  characteristic,  131. 
Track,  cross-sections  of  single,  417,  600, 

601. 
construction  for  tramways,  460, 473. 
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Train  control,  direct- control  system,  166. 

multiple- unit  system,  169, 

•  resistance,      air  -  resistance      com- 
ponent, 413. 
■ at  curved  track,  422. 


general  equation,  418. 

—  —  m  tunnels,  421. 

methods  of  determining,  414. 

—  —  mechanical     resistance    com- 
ponent, 412. 

of  locomotives,  423. 

of    locomotive-hauled   trains. 


416. 

of  motor-coach  trains,  420. 

of  tramcars,  423. 

section,  588. 

Tramcar  controllers,  see  Controllers. 
Tramcars,  considerations  affecting  choice 

of,  294. 

centre  entrance,  295. 

data  of,  300. 

examples  of,  296. 

— — ■  twin  staircase,  295. 

Transition  methods  for — 

— —  series-parallel  control,  145. 

■  single-phase  control  systems,  208  et 

seq. 
Trolley  head,  273. 
standard,  274. 


Trolley  standard,  section  of,  229^  276. 
dwarf,  230,  277. 

—  -  wire,  properties  of,  508. 

sections  and  sizes  in  use,  608. 

Trucks  (motor-coach),  331. 

drawing  of,  280.  334. 

(locomotive),  373,  383. 

—  -  (tramcar),  radial  axle,  306. 

— maximum  traction  bogie,  312 

— • rigid  axle,  301. 

. swing  axle,  304. 

Vector  diagrams,  for  feeder,  689. 
for  preventive  coil,  210. 

for  rotary  converter,  602,  605. 

for   single-phase    motors,     62 

et  aeq. 

Weight,  adhesive,  356. 

effective,  19. 

Wheels,  316. 

and  axles,  335. 

Windings,    armature   (single-phase),    69f 

91. 
induction  regulator,  192,  222. 

— ■  rotor,  84,  111. 

—  stator  (pole  changing),  82,  107. 

-  (cascade,  pole  changing).    83, 


108. 
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Pbikoipal  Data 

■         .                 4'  Si- 
over  buffera       11.040  mm.  (38' I') 

base 8.000  mm.  (28'  3') 

■haae 4.600  mm.  (15' !') 

driving  wheeb   ......  1,2S0  mm.  (49.2*) 

crank-pin  circle          ......  S60  mm.  (22*) 

t  (adhesive)                                                     .         .  67  tons 

lechanicul  equipment          ...  32-4  tons 

.metrical  equipment 34'S  tons 

It  (I  hour)                             1.100             1.300  l.fiOO          1,700    H.P. 

(le  poles)     (12  poles)  (S  poles)     (0  pots*) 

jrt  at  rated  output     .      25,400           22.300  17,000        14.000  lb. 

ponding  to  rated  output     16.2              21-S:  33             44-2  ml.p.h. 

3,000 

3.000 
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